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Abstract:
An extended means of processing the signal of a constant current pulsed electron capture detector
(CCP-ECD) is proposed. This new response function provides a significant improvement in the
quantitative analysis by the ECD because it provides linear calibration curves for strongly electron
attaching molecules over the entire dynamic range of the instrument. The theoretical basis and
experimental support for the proposed EC response function are presented, using CCl4, CFC13 and
CHCl3 as test compounds.
Calibration curves for the responses of an ECD to CFC13, CH3I, CCl4, CH3Br and CHC13 are
reported. The first three compounds listed are ones which attach electrons extremely rapidly and,
because of this, are not expected to produce linear calibration curves over the entire dynamic range of
the detector. While the calibration curves of CFC13 and CCl4 are consistent with this expectation, that
of CH3I is not. At low detector temperatures the EC molar response of CH3I significantly exceeds
those of CFC13 and CCl4, yet its molar response remains nearly constant over the entire response
range of the instrument. A mechanism is suggested which attempts to explain these superior response
characteristics of CH3I.
Calibration curves for the response of an ECD to ethyl chloride are shown to be non-linear. The
apparent molar response is observed to be much greater for low concentration samples than high
concentration samples. A mechanism is proposed for the enhanced low concentration responses.
Physical factors which might affect the quantitative response of the CCP-ECD are examined in detail.
These include the effects of non-analyte electron loss by reaction with carrier gas impurities, by
recombination with positive ions, by diffusion to walls, by ventilation with carrier gas flow, and by
migration through small fields generated by contact potentials. Experiments indicate that so long as the
frequency of pulsing is moderate to fast, the effects of non-analyte loss processes on the response of the
CCP-ECD will be well-behaved and in harmony with the expectations of simple and idealized theory.
With the use of slower frequencies of pulsing, however, non-analyte electron losses are more
complicated and non-idealized behavior and nonlinear calibration curves are observed. An attempt is
made to identify the specific causes of the non-ideal behavior which accompanies the use of slower
pulse frequencies.
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ABSTRACT
An extended means of processing the signal of a con
stant current pulsed electron capture detector (CCP-ECD). is
proposed.
This new response function provides a significant
improvement in the quantitative analysis by the.ECD -because.
it provides linear calibration curves for strongly electron
attaching molecules over the entire dynamic range of the
instrument.
The theoretical basis and experimental support
for the proposed EC response function are presented, using
CCl 4 , CFCI 3 and CHCI 3 as test compounds.
Calibration curves for the responses of an ECD to
CFCl3 , CH 3I , CCl 4 , CH3Br and CHCl 3 are reported.
The first
three compounds listed are ones which attach electrons ex
tremely rapidly and, because of this, are not expected to
produce linear calibration curves over the entire dynamic
range of the detector.
While the calibration curves of
CFCl 3 and CCl 4 are consistent with this expectation, that of
CH3I is not.
At low detector temperatures the EC molar
response of CH3I significantly exceeds those of CFCl 3 and
CCl 4 , yet its molar response remains nearly constant over
the entire response range of the instrument.
A mechanism is
suggested which attempts to explain these superior response
characteristics of CH 3ICalibration curves for the response of an ECD to ethyl
chloride are shown to be non-linear. The apparent molar
response is observed to be much greater for low concentra
tion samples than high concentration samples.
A mechanism
is proposed for the enhanced low concentration responses.
Physical factors which might affect the quantitative
response of the CCP-ECD are examined in detail.
These in
clude the effects of non-analyte electron loss by reaction
with carrier gas impurities, by recombination with positive
ions, by diffusion to walls, by ventilation with carrier gas
flow, and by migration through small fields generated by
contact potentials.
Experiments indicate that so long as
the frequency of pulsing is moderate to fast, the effects of
non-analyte loss processes on the response of the CCP-ECD
will be well-behaved and in harmony with the expectations of
simple and idealized theory.
With the use of slower fre
quencies of pulsing, however, non-analyte electron losses
are more complicated and non-idealized behavior and non
linear calibration curves are observed.
An attempt is made
to identify the specific causes of the non-ideal behavior
which accompanies the use of slower pulse frequencies.

INTRODUCTION
Improvements in Modes of Operation of the ECD
In the late 1950's the electron capture detector
(BCD) was developed in response to the need for a
sensitive detector to use with the newly discovered
technique of gas chromatography

(GO.

The first report of

using an ECD as a detector for GC was by its inventor J.
E. Lovelock in 1958

(I).

Even at this early date it was

recognized to be extremely sensitive to certain compounds?
many of which also happened to be of environmental
importance.

Although extremely sensitive? quantitation of

the responses obtained with this device was difficult? due
to non-linear and often unpredictable relationships
between the measured response and sample concentration.
In spite of these difficulties,

the ECD was pressed into

service for trace pesticide residue analysis

(2).

Because

the ECD possessed the lowest detection limits available
for pesticide residue analysis at the time? instrument
manufacturers began producing gas chromatographs equipped
with this detector.

Commercial production of the ECD,

however? did not significantly lead to its improvement.

1

The original BCD's were operated in the direct
current

(DC) mode, in which a small constant potential was

2
applied to the cell’s two electrodes and the response was
taken as the change in cell current

(Al).

The responses

observed with this original device were found to be very
complex and could not be explained by electron capture
processes alone.

Lovelock

(3) addressed this point and

reported that, in addition to operating as an electron
capture detector, this device sometimes also functioned as
an ionization cross section detector, a metastable
ionization detector and an electron mobility detector.
These unwanted modes of detection were found to be
eliminated by addition of 10% methane to the argon carrier
gas.

The addition of methane to the carrier gas was found

to promote the thermalization of secondary electrons and
facilitated the deactivation of metastables through
inelastic collisions.

Electron mobility effects were also

eliminated because of the fast drift velocity of electrons
in the argon 10% methane carrier.

Lovelock

(3) also

recognized that the observed ECD responses were perturbed
by space charge potentials arising from the separation of
oppositely charged particles in the DC-ECD.

Also, contact

potentials resulting from the deposition of material films
on the cell surfaces could affect the response.
this report. Lovelock

Within

(3) proposed that these additional

effects could be eliminated or minimized if the ECD was
operated in the pulsed mode.

A brief, intermittent pulsed

waveform could be used to collect the electrons, thereby

allowing the electron capture reactions to occur
predominantly in the field free environment which existed
between pulses.

With the pulsed sampling method, the

responses were believed to be free of the deleterious
effects of space charge and contact potentials.
Contributions to the measured current from the collection
of negative ions at the anode were also eliminated because
the relatively immobile negative ions could not be drawn
to the anode within the short duration of the voltage
pulse.

In spite of the improvements obtained by operating

the ECD in the fixed frequency pulsed

(FFP) mode, linear

responses were only observed over the initial 10% of the
dynamic range of the detector.
Throughout the early 196 0 1s the events occurring
within the ECD were only poorly understood and it was
generally believed that the process of electron capture
was analogous to the absorption of electromagnetic
radiation.

In a landmark report by Wentworth

al_c_ (4)

in 1966, a model was proposed for the pulsed ECD in which
the events occurring within this device were described as
a series of competitive kinetically controlled reactions.
This represented the first detailed description of the
events occurring within the BCD.

Although this model is

now known not to describe accurately the physical-dynamic
aspects of the ECD plasma,

it did provide a foundation

4
upon which significant improvements in processing the
signal of an ECD have resulted.

In 1967 Wentworth and

Chen (5) showed that if the analytical signal was taken as
the decrease in standing current divided by the
instantaneous current,

(I0-I)/!, linear calibration curves

could be obtained up to 90% of detector saturation.

A

practical limitation of this mode was its requirement for
unusually clean chromatographic conditions, so that a high
standing current with long pulse periods could be
achieved.

In 1971 Maggs st al.

(6 ) proposed operating the

ECD in the frequency modulated, or constant current pulsed
(CCP) mode of operation.

In this case, an electrical

feedback network maintained the magnitude of the measured
cell current constant and equal to a preselected reference
current value by control of the pulsing frequency.

Then,

as an electron capturing compound eluted through the
detector, the frequency of pulsing was modulated by an
amount required to keep the current constant.

The

analytical response was then taken as the change in the
frequency of pulsing

(Af).

The CCP-ECD has been shown to

yield responses to many compounds which are linear with
sample concentration up to 99% of detector saturation.

Non-linear Responses
Ironically, even with all of the above improvements
in the operation of the pulsed ECD with (I0-I)/! and CCP

5
modes of signal processing, linear responses are still not
observed for many compounds.

Within this group of

compounds are the polyhalogenated hydrocarbons

(7-9), the

monochlorinated alkanes (10 ) and some of the polycyclic
aromatics

(PAHs)

(11).

The PAHs, for example anthracene, undergo resonance
electron capture in which stronger responses are favored
by the use of low detector temperatures (4,12 ); hence,
most analysis schemes involve using the lowest possible
detector temperatures.

However,

Grimsrud st. al. (11) have

observed that at higher and more practical detector
temperatures,

>300°C, anthracene gave a negative ECD

response, whereas at detector temperatures less than 250°C
normal responses were obtained. In addressing the negative
response of anthracene, they conducted experiments using
an atmospheric pressure ionization.mass spectrometer
(APIMS), in which the ion source was an actual ECD.
observed that a 10 rig sample of anthracene,

They

which resulted

in small negative BCD.response, gave a large positive ion
peak at m/e 179 (M+l peak of anthracene).
this result,

On the basis of

they concluded that the slight increase in

the electron density (negative response) was.due to a
slightly smaller positive ion electron recombination rate
when the positive ion character within the cell was
determined predominately by anthracene positive ions.

6
The ECD has been used for the a t m o s p h e r i c analysis of
the monochlorinated alkanes because of its insensitivity
to the presence of interfering hydrocarbons

(13-15).

The

ECD was expected to be well-suited for the analysis of
these types of molecules,

since they possess moderate to

small rates of electron capture; hence, linear calibration
curves were expected over the entire dynamic range of the
instrument.

However, Grimsrud and Miller (10) have found

that with the CCP-ECD,

the alkyl monochlorides exhibit

unusual and non-linear calibration curves.

The cause for

this unusual behavior for these compounds is unknown.
Most notable of the group of compounds which exhibit
non-linear behavior to the CCP-ECD are the environmentally
important polyhalogenated hydrocarbons.

This behavior is

unfortunate because it is to these highly halogenated
molecules that the ECD exhibits its strongest responses.
This lack of linear behavior for these strongly responding
compounds arises from the alteration of the analyte
concentration within the detector by the electron
attachment process itself (7-9).

Several approaches have

been taken to minimize or eliminate the problem of non
linear responses observed for the strongly, responding
i
1
'l ■; * J
;
'
i
;
.
•
'compounds. One approach has been to make the detector
volume Very small dr make the daririei: flow rate vefy fasi.
The residence time of the analyte in the cell is then very
short and little destruction of the sample by the electron

I

capture reaction is allowed.

The small detector approach

has been demonstrated by Patterson (16), where the active
volume of a small cell was made effectively smaller by use
of a displaced coaxial anode.

Alternatively,

high flow

.

rates are easily obtained through the addition of makeup
gases.
that,

The compromise inherent in these approaches is
while only-partially improving the quantitative

response to strongly responding compounds, the sensitivity
to weakly and moderately responding compounds is
proportionately

reduced.

Theoretical Models
In 1966 Wentworth st al*. (4) presented the first
detailed description of the physical events occurring
within the pulsed BCD.

The following is a brief summary

of the pertinent points addressed in this first model.
Beta radiation,

through a series of elastic and inelastic

collisions with carrier gas molecules was considered to
produce a steady state concentration of secondary
electrons, positive ions, radicals and negative ions if
sample is present.,

The resulting current measured was due

to the collection of all the electrons with i n the cell by
the application of a short voltage pulse.

Experiments in

which the effects of pulse amplitude, width and frequency
on the measured standing current, such as those by
Wentworth,

Chen and Lovelock

(5) and others

(17,18),

8
provided evidence that the short voltage pulses do indeed
clear the cell of all the electrons.

Negative ions formed

as the result of electron capture, and positive ions were
not thought to contribute to the measured current, because
of their relative immobilities compared to that of the
electron.

Because positive ions were not removed from the

cell by the pulse,

and since their free diffusion to cell

boundaries during the pulse free period is much slower
than that of electrons, the positive ion concentration was
considered always to be in great excess of that of
electrons and limited by the rate of recombination with
positive ions and electrons.
excess,

As a result of their great

the positive ion concentration was assumed to

remain relatively constant within the BCD.

The BCD was

thought to be a well-mixed reactor, in which the
concentrations of all the species was described by a
simple differential equation.

Because of the last two

assumptions the resulting differential equation describing
the change in electron density with respect to time could
be solved.
equation,

As a result of solving the differential
under a steady state condition,

the relationship

(I0-I)/! was found to be linearly related to sample
;
■
concentration (5).
It was later proposed that a net decrease in the ion
current results because of the enhanced recombination rate

9
of negative ions (formed from electron capture) with
positive ions.

The recombination rate of negative ions

with positive ions was reported to be 10 ^-10® times faster
than that of positive ion electron recombination (19).
Siegel and McKeown

(20) presented several criticisms

of the original model proposed by Wentworth

(4,5).

On the basis of their experiments using an atmospheric
pressure ionization mass spectrometer (APIMS) with a G^Mi
ionization source,

they argued that the strong

interactions between charged particles cannot be ignored
and that charge neutrality was strictly maintained in the
field free ion source of their APIMS.

They stated that

because of the high density of positive and negative
particles which exists within their 6 3 ^ source, or an
BCD, that these charged particles do not move
independently of one another, but that their diffusion
behavior is described by a single, ambipolar diffusion
coefficient.

As a result of this diffusion behavior,

in a

clean field free cell the major loss mechanism of
electrons and positive ions was shown to be recombination
with each other, while their losses through diffusion and
ventilation were insignificant. They also argued that
positive ion recombination rates with electrons and
negative ions should be comparable,

since there was no

physical justification for the positive ion negative

10
I
recombination rate to be five to eight orders of magnitude
greater than that of positive ion electron recombination.
Grimsrud, Kim and Gobby (21) presented evidence
obtained using an A P I M S r in w h i c h the ion source was an
actual pulsed ECDr that supported the view of the ECD
proposed by Siegel and McKeown.

They noted that the

positive ion density actually increased within an ECD
which was saturated with CCI 4*

This indicated that the

negative ion (Cl- ) positive ion recombination rate was
actually slower than that of the positive ion electron
recombination rate.

Within this same report, they

observed that, when the ECD ion source was pulsed, the
negative ion API spectrum under conditions of small sample
concentration was destroyed while the positive ion
spectrum was unaffected.

They concluded from this result

that the excess positive ions left within the cell, a
result of the pulse removing all the electrons, creates a
positive space charge which acts to hold the negative ions
within the space charge region, thereby not allowing
negative ions to diffuse to the cell boundaries.
positive ion spectrum was unaffected,

The

since the positive

space charge causes positive ions to migrate to any
grounded cell surfaces in an attempt to dissipate the
space charge potential they themselves created.
conditions of detector saturation,

Under

pulsing the cell did

not affect either the positive or negative ion spectrum.

This result was expected,

since the few electrons within

the cell, under conditions of saturation, play only a
minor role in maintaining charge neutrality.

Measured

standing currents were also shown to be influenced by the
resulting positive space charge arising from the removal
of electrons by the pulse.

The time averaged current

measured at the anode was found to reflect both negative
and positive current contributions.

The negative current

results from the collection of electrons by the pulse.
The positive current arises for the migration of positive
ions to the anode, which is at virtual ground, during the
period between pulses.
Wentworth and Chen (22) later revised their original
model with respect to the assessment of positive ion
concentration.

This revision addressed only an ECD of

parallel plate design using a tritium source.

They argued

that because of the short penetration depths of the
tritium betas, ~2 m m , positive ions could not migrate to
the distant anode 1.0 cm away during the pulse free
period.

They interpreted the positive ion contribution to

t h e .measured current reported by Grimsrud si SJU. (21) as
resulting in a net loss of positive ion concentration
within the cell.

In their revision,

they accounted for

this by asssuming that a fraction of the positive ions were
collected at the cathode by each negative pulse.

In this
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way, more positive ions were removed from the detector
under conditions of fast pulsing, which resulted in a
better correlation between the theoretically predicted and
experimentally obtained standing current versus pulse
period

curves.

In 1980 Gbbby, Grimsrud and Warden (23) proposed a
physical model for the pulsed 63Ni BCD.

In this model

electrostatic interactions between charged particles was
considered to be the dominant force in determining the
concentration and location of all charged particles within
the BCD.

Beta radiation was assummed to result in uniform

ionization throughout the active volume of the cell.

This

point was later addressed by Grimsrud and Connolly (24)
and was shown to be true for typical 63^1 BCD's.

All of

the electrons were assumed to be removed by the short
voltage pulse.

The positive ions which are left behind

after the pulse were themselves thought to create a
positive space charge potential, which is dissipated by
the migration of the positive ions to all grounded cell
surfaces.

Electrons formed after the pulse were

envisioned to be concentrated in a localized region in
which charge neutrality exists (plasma), which grow= with
time.

Two distinct regions were proposed to exist:

a

charge neutral plasma which contains an equal number of
positive and negative charge carriers, and a region which
contains positive ions and is void of electrons.

Thus,
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positive ions were thought to form a sheath which
separates the plasma from the cell boundaries and shrinks
with time after the pulse.

The rates of positive ion

losses through positive ion space charge driven migration,
and recombination with negative ions and electrons,

were

found to be approximately equal, so the positive ion
density was considered to remain constant under all
conditions of pulsing frequency and sample concentration.
This last result was extremely fortunate because the
differential equation describing the change in electron
density with time can be explicitly solved only when the
positive ion density can be assumed to remain constant.
As fortuitous as it seems, in their final forms both the
original Wentworth model and the space charge model
predict the same relationship between analytical response
and sample concentration.
In a recent study by Connolly £ £ aJU_ (25), a series
of experiments were reported which examined the effect of
positive ions on the measured standing current and response
of a pulsed 63Ni BCD.

Measurements were obtained with an

API MS, in w h ich the ion source was a pulsed BCD, showing
that positive ion density measured by the mass spectrometer
was dependent on the frequency of pulsing, but independent
of the polarity.

Because the total positive ion density

remained unchanged whether positive or negative polarity
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pulses were applied to the anode,

it was concluded that

the pulse itself does not measurably perturb the location
of positive ions in space.

Standing current versus

pulsing frequency data was also reported which supported
this conclusion.

The positive ion contribution to the

measured current was measured with two BCD's, which had
differing length to diameter ratios.

The BCD which had

the smaller length to diameter ratio was also found to
have a smaller positive ion contribution to its measured
current.

This result could not be explained by the

collection of positive ions by the pulse itself,

since the

same fraction of positive ions should have been collected
by pulse in both cells.
pulsed BCD,

They concluded for the G^Ni

that positive ions are lost to cell surfaces

through space charge driven migration,

which provided

further evidence in support of the space charge model.
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RESEARCH OBJECTIVES
Within the literature several classes of chemicals
for which the ECD has been used as an analysis tool, have
been found to exhibit non-linear relationships between the
analytical response and sample concentration.

Two of

these systems, the strongly responding compounds and the
alkyl monochlorides, have been selected for investigation
within this study.

For both of these chemical systems,

two objectives are established.

The first objective is to

identify and characterize the chemical mechanism respon
sible for the observed ECD responses.

The second objec

tive is to evaluate the mechanism responsible and then
define new modes of operation which will either eliminate
or compensate for the effects of the anomalous behavior.
A more subtle, potential cause of non-linear behavior
is also addressed.

The quantitative response of the CCP-

ECD is also dependent on electron loss processes other
than that of electron attachment to sample.

These non

analyte electron loss processes are dictated by physical
rather than chemical factors occurring within the ECD.
These non-analyte electron losses may include diffusion of
electrons to the cell walls, ventilation put of the cell
with the carrier gas flow and changes in the positive ion
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density.

Simple theory used to derive the relationship

between the change in frequency and the sample concentra
tion for the CCP-ECD required that the magnitude of these
non-analyte electron losses remain constant and indepen
dent of pulsing frequency and sample concentration.

Close

inspection of the physical dynamic aspects of the ECD,
predicted by the space charge model,

indicates that two

distinctly different physical states exist within the ECD,
depending on the frequency of pulsing.

Under conditions

of fast pulsing the space charge field acts to hold the
electrons within the plasma.

Therefore, the additional

electron losses such as diffusion of electrons to the cell
wall and ventilation with the carrier gas flow cannot
occur.

However, with slow pulsing frequencies sufficient

time is allowed.between successive pulses for the growing
electron population to fill the entire cell volume.

In

this case, electron loss by diffusion and ventilation
becomes more probable.

It seems possible that the magni

tude of the non-analyte electron losses is different under
conditions of fast pulsing as compared to slow pulsing.
If this occurs, then non-linear calibration curves will
result if the change in frequency response makes the
transition from a condition of slow pulsing to that of
fast pulsing.

In this study, an attempt has been made to

identify and characterize these physical factors which may
affect the quantitative response of the CCP-BCD.
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EXPERIMENTAL
Ancillary Equipment
The majority of the data reported in this study was
obtained using a homebuilt gas chromatograph equipped with
ah BCD. The gas chromatographic unit consisted of two
separate ovens, one of which housed the column, and.the
other the detector.

Both ovens were fabricated from sheet

metal, which was then lined with fiber glass insulation
covered by aluminum foil.

The temperature within the

ovens was controlled by adjusting the voltage applied to a
heating element, which was mounted in the bottom of each,
using a Variac.

When more precise control of the detector

temperature was required, a Watlow pulsed cartridge heater
was used.

With the pulsed heater, the detector

temperature could be maintained within ± I.O 0C.

An

insulated stainless steel transfer line which ran between
the two ovens was used to connect the column and the
detector.

Gas sample introduction and carrier gas

connection to the column was accomplished using a Carle
8030 gas sampling valve, which was mounted on the column
oven.
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Detectors
Three homemade BCD's were used to collect the
majority of the data in these studies.

Two of these

detectors are shown in Figure I, while the third, a highly
specialized cell, will be described later.

Both detectors

shown in Figure I were designed by Dr. Eric Grimsrud and
machined by Technical Services at Montana State
University.

The detectors were machined from stainless

steel and are of concentric coaxial design.

The

cylindrical walls are formed by a 63Ni plated on Pt foil.
New England Nuclear, which serves as the beta source.

The

activity of the sources in both cells is 15 mCi. The
internal volumes of cells I and 2 are I .5 mL and 2.0 mL,
respectively.

The coaxial anode is a 1/16" diameter

stainless steel rod, the midsection of which is encased in
a ceramic insulator and is held in place by a threaded
stainless steel plate and a teflon spacer.

Electrical

connections between the anode of the detector and the
electronics package which operates the detector were made
using BNC connectors and coaxial cables.
Electronic Circuits for Detector Operation
The electronic package which controlled the homebuilt
BCD's was constructed by the author

(26).

This package

allows for the BCD's to be operated in either the CCP or
FFP modes of operation.

I cm

electrode

•/

pin

gas in

gas out
Figure I.

ECD cell designs used in this study.
Both sources are 15 mCi.
Dimensions
of cell I are 1.0 cm x 1.5 cm and of cell 2 are 1.4 cm x 1.4 cm.
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Figure 2 shows the complete circuit diagram for
operating an BCD in the CCP mode.

Circuits A and B show

different configurations' for pulsing an BCD.

Circuit A

involves pulsing the anode positively, while the cell body
is grounded, whereas in Circuit B the cell wall is pulsed
negatively.

In both cases, the current is measured at the

concentric anode.

Operational amplifier one (OA I), CA

3140, is operated as an integrator,

in which the output

voltage reflects the time averaged difference between the
reference and cell currents.

OA 2, CA 3140, inverts the

output signal from OA I, making it compatible with the
voltage-to-frequehcy convertor

(V-to-F), Burr Brown VFC52,

which only operates with positive going signals.

A

non-inverting buffer, CD 4050, is used after the V-to-F, as
a pulse shaper where the buffer improves the rise time of
the pulses.

The output pulses from the V-to-F are

typically about 2.5 ys in duration.

This pulse width is

modified to any desired Width by the RC coupled Nand
gates.

The RC couple, shown in Figure 2, yields a pulse

width of I ys duration.

The Nand gates are contained

within a quad, two—input Nand gate IC, CD 40118.

If it is

desired to pulse the wall, as in Circuit B, then a third
Nand gate on the IC is used to invert the pulse.

The

pulse train is then amplified to 50 V by use of a
transistor.

For positive pulses a 2N4402 PNP transistor
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B
Pow er Supply Conneciioos
GND

Figure 2. Circuit for constant current operation of ECD (A)
where positive pulses are applied to the anode
and (B) where negative pulses are applied to the
cathode.
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is used and a 2N4400 NPN transistor for the negative going
pulse.
The base frequency of pulsing is determined by the
current demanded from the reference current source and the
cleanliness of the cell.

The reference current desired is

selected by a 10 turn 5kfi potentiometer and is variable
from 0-9 nanoamps.

The output signal from OA 2 is sent to

a multi-range recorder by way of OA 3, LM 741, a voltage
follower and OA 4, CA 3140, which is used to zero the
signal,

when the output signal is monitored by the

computer, a low pass filter, shown in Figure 3, is
inserted between OA 4 and the computer interface. v This
filter was used to smooth the output signal from the CCP^
BCD, so that data acquired by the computer reflected the
time averaged output signal.

The voltage profile from the

output of the integrator, OA I, is time dependent, due to
the RC network, which allows for it to operate as an
integrator.

Only in the case where the RC time constant

is zero would the output signal from the integrator be
truly constant over the period of the pulse.

The low

pass filter removed the time dependency of the output
signal from the integrator and allowed the computer to
sample the time averaged signal.
The circuit diagram for a FFP-ECD is shown in Figure
4.

Nand gates I and 2 control the period of the pulses,

while Nand gates 3 and 4 control the pulse width, as in
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IKfL

in— ^ v w

out

Figure 3 . Low pass filter used to smooth the signal from the
CCP-ECD for computer controlled experiments.
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Figure 4. Circuit for fixed frequency operation of an E C D .
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the constant current circuit.
contained on a CD 4011B IC.

All four Nand gates are
The pulse period can be

varied from 10 ys to 2.5 ms, using the values of the
capacitor and variable resistor shown.

Longer pulse

periods can be achieved by simply increasing the size of
either the capacitor or resistor.

The pulse widths can be

varied from from 0.5-15 ys with the components shown.

The

pulse amplification circuitry is the same as that shown in
Figure 2.

The current resulting from the collection of

electrons at the anode, due to the application of the
pulse, is measured using a current to voltage follower, OA
5, CA 3140.

With the precision resistor in the feedback

network shown, the output voltage reflects the time
averaged cell current times 10^.

The signal output

circuitry is the same as is shown in Figure 2.
In all the experiments reported here, the ECD was
operated in the pulsed mode.

Electrons were collected at

the anode either by applying negative polarity pulses to
the wall or by pulsing the anode positively while
maintaining the cell wall at ground potential.

In both

cases the cell current is measured at the anode.
Typically, positive pulsing is used, so that the ECD does
not have to remain electrically isolated from the rest of
the instrumentation.

The pulsing parameters used were

dependent on the application and are specified as needed
in the Results and Discussion section.
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Chromatograms were obtained from the homemade GC-ECD
by continuously monitoring the output signal from either
the FF or Ce circuits, using a Houston Instruments
Omniscribe strip chart recorder.

For experiments in

which the exponential diluter was used, the output from
the CCP-ECD was monitored simultaneously with a strip
chart recorder and by an Apple II plus computer equipped
with a Cyborg Isaac's model 91A interface. The computer
enabled the total 0-10 volt signal of the CCP-ECD to be
monitored without further alteration of the signal over
the entire course of each experiment.

The computer

retains one data point and real time clock measurement
every 10 seconds.

This one data point> however,

represents the average of 100 individual measurements
taken at 10 ms intervals over a I second period.

Each

experiment was allowed to run for 10,000 seconds and, at
the conclusion, the raw data was transferred to disk.

Standard Preparation
The halocarbons utilized in this study were all
purchased from commercial sources as follows:

CHgBr and

CgHgCl were purchased as gases from Matheson Gas
Products, Lyndhurst, New Jersey.

Liquid CFClg and gaseous

CFgClg were obtained from PCR Incorporated, Gainesville,
Florida.

Liquid samples of CHgI and CHClg were purchased

from J. T. Baker Chemical Company, Phillipsburg, New

(
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Jersey.

Liquid CCl 4 was obtained from Matheson, Coleman

and Bell Manufacturing Chemists, Norwood, Ohio.
Standards of all the aforementioned halocarbons were
prepared for analysis as gases using airtight glass
carboys, which were maintained at above ambient pressures.
Nitrogen was used as the dilutent gas and was checked for
the presence of electron capturing impurities prior to
sample preparation.

The initial dilution was performed by

injecting a small aliquot of either the neat liquid (6.5100 pL) or gas

(0.5-5 mL) into a 1.0 L gastight glass

flask pressurized to 1.0 psi above atmospheric pressure.
Standards prepared from compounds which are liquids at
room temperature required that the airtight flask sit for
a short period of time, so that the sample could evaporate
and equilibrate in the gas phase.

Because of the high

volatility of the halocarbons used here, this was usually
accomplished in 10-15 minutes.
concentration

Depending on the

(V/V) of the standard desired, subsequent

dilutions would be performed using a 30 mL gastight
syringe for sample transfer, and other 1.0 L airtight
flasks, before the final dilution into either a 4.5 L or
22 L glass carboy, pressurized to 5 psi above atmospheric
pressure.

Both large carboys allowed for multiple

sampling and sample storage for up to three weeks, without
noticeable sample deterioration or atmospheric infusion.
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Final dilutions and sample transfer were accomplished
using a 100 mL gastight syringe equipped with a Hamilton
G.T.S. syringe valve.

Chromatographic Conditions *
I
Samples were introduced into the detector by either a
chromatographic column or an exponential dilution sphere.
For halocarbon mixtures a 10'x 1/8" stainless steel column
packed with 10% SF-96 on Chromosorb W was used.

Adequate

separation of the light halocarbon mixtures was obtained
when the column was operated at ambient temperature.

When

wide range calibration curves for only a single component
was desired, an exponential diluter was used, a general
schematic of which is shown in Figure 5.

The exponential

diluter, a simple glass sphere, was manufactured from a
I L round bottomed Pyrex flask and was connected to the
sampling valve and the detector by 1/4" glass tubing with
Swagelok fittings.

The volume of the diluter was

determined by weighing the amount of water contained
within the sphere and was found to be 1093 ± 5 mL. The
diluter was housed in the column oven, which was
maintained at 38°C.
Carrier gases, either Ar with 10% methane or high
purity nitrogen, were first passed through molecular sieve
and oxygen traps.

The molecular sieve trap was used to

remove trace impurities of water present in the carrier

c d rrie r
gas

oven

d ilu tio n
volum e
sample
loop

Figure 5. General schematic of the experimental apparatus used for the
wide range calibration of the ECD response to volatile
halogenated methanes.
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gas.

Flow rates through the column were measured using a

bubble meter and were adjusted by varying the pressure at
the head of the column with the regulator.

A pressure of

20 psi yielded a flow rate of approximately 30 mL/min
through the SF-96 column, the typical condition used in
these studies.

The flow rate through the exponential

diluter, F p * was controlled using a Whitey metering valve,
since there is no pressure drop across the diluter.

The

flow rate through the diluter cannot be measured directly
using the bubble meter, due to the temperature difference
between the bubble meter and the diluter, but can be
obtained using the expression, F0 = F g (To/Tg), where Fg
is the measured flow rate through the bubble meter and Tg .
and Tb are the temperatures in Kelvin of the diluter
(311°K) and the bubble meter

(298°K), respectively.

For

the study presented herein, the volume flow exiting the
detector was determined to be 0.926 ± 0.02 mL/s from an
average of ten individual determinations.

This yields a

volume flow through the exponential diluter of 0.97 ± 0.02
mL/s.
Signal Processing
Chromatograms obtained with the FFP-ECD reflect the
decrease in standing current

(I0-I) due to the capture of

electrons by the analyte as it elutes through the
detector.

However, this response function is not linearly
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related to the sample concentration.

Because of this, the

response for the FFP-ECD is reported as (I0-I)/!

(decrease

in standing current divided by the instantaneous current),
in which a linear relationship between response and sample
concentration exists.

,Therefore, unless specified

otherwise, the response reported with the FFP-ECD is taken
as (I0-I)/! where the peak height

(I0-I) was measured with

a ruler and I, the instantaneous current, was measured
relative to detector saturation.

Detector saturation is

defined as the current measured in the presence of an
extremely concentrated sample, where no free electrons
remain to be collected by the pulse.

Ideally, detector

saturation and electrometer zero should coincide; however,
for all the detectors used in Dr. Grimsrud1s laboratory,
the current measured under saturation conditions is found
to be a small, but significant non-zero value.

The

magnitude and sign of this saturation current appears to
be dependent on the selection of column and detector
temperature, but appears to be constant for a given set of
conditions.

This non-zero saturation current is believed

to be due to contact potentials, which develop from the
formation of material films on the surfaces of the cell
walls.

The apparent current measured at the electrometer

is offset from the actual current by the amount of the
measured saturation current.

The effect of the contact

potentials is eliminated by redefining electrometer zero
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to be the electron free current measured under saturation
conditions.
Two response functions are used in processing the
data obtained, using the ECD operated in the CCP mode.
The conventional response function

(f-fo)

is obtained

directly from measurement of the peak heights of the
chromatograms from the strip chart recorder.

An alternate

means of processing the response is used with compounds
which respond very strongly to the ECD, and is referred to
as the extended response function,

( f - f o ) (H+f )/f.

Prior

to using the extended response function, the value of H, a
compound dependent term, must first be determined.

Two

data points are required to determine the value of H
because the extended response function equation
Gn% contains two unknowns, G and H (27).

From two

simultaneous equations representing data points, H can be
determined according to Equation I.

H

=

The superscripts of one and two primes designate the
appropriate frequency and concentration terms for the
different points.

For the strongly responding compounds,

plots of molar response versus concentration result in a
S-shaped profile.

For the most accurate determination of
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Hf values should be chosen from the steeply rising section
of the molar response curve (27).
For the study in which samples were introduced into
the detector via a chromatographic column, the molar
response is reported as the response function divided by
sample flux.

For example, with the FFP-ECD, the molar

response is defined as {(I0-I)/!)}/flux.

Sample flux is

proportional to the rate of entry of the analyte molecules
into the detector, at the point in time corresponding to
the center.of the peak.

The flux value is obtained by

dividing the known analyte concentration

by the width of

the chromatographic,peek at half height measured under low
concentration conditions.

In this manner, the relative

molar responses are independent of chromatographic
conditions and allow for a direct comparison of the
relative molar responses of all compounds at a given
analyte input rate.
Errors Associated with the Exponential Dilution Technique
In the experiments conducted using the exponential
diluter, the instantaneous frequency, f , was measured as a
function of time, &s shown in Figure 6 .
the change in frequency, f-f°

However,

it is

(where f° is the measured

frequency in the absence of sample), caused by analyte
presence, which is of primary interest.

The baseline

frequency, to, was determined immediately before the
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T im e

(kiloseconds)

Figure 6. Strip chart record of a typical experimental run
showing exponential decay of the ECD frequency
with time.
Analyte concentration can be
determined at any time using Equation 2 where C 0
is the concentration at which f = 100 KHz.
Baseline frequency, f„, is the observed frequency
prior to sample injection.
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injection of a sample and was assumed to remain constant
over the duration of the experiment
assumption is discussed below).

(the validity of this

Sample concentration at

any point in time, C, was calculated by substituting the
appropriate values of flow rate, F^, diluter volume, V,
and elapsed time, t, into Equation 2.

-<FD t/V)
C

=

Co e

The initial concentration, C o,

is

(2)
the concentration at the

moment when the measured frequency is 100 KHz.

The molar

responses to be reported were obtained by dividing the
instantaneous change in frequency response by the
corresponding concentration, as determined by Equation 2.
The error in the measurement of the molar responses
will be expected to increase with time, because the
uncertainty in both the measurement of f - f o ,

and the

calculation of analyte concentration will increase with
time as the experiment progresses.

For a typical

experiment, the expected relative uncertainty in the
measurement of frequency response
instantaneous concentration
response,
7.

(aAf/Af),

(cC/C), and the overall molar

(cAf/cC)/(Af/C), have been plotted in Figure

The curves for the relative uncertainties are obtained

as follows:

the greatest contribution to the uncertainty

in the measurement of Af is variation in the selected
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Figure 7.

(KiIoseconds)

Relative uncertainty in the determination of the relative molar
response, (aAf/C)/ (Af/C) (solid line), and its individual com
ponents' calculated concentration, aC/C (dotted line), and
measured frequency response, aAf/Af (dashed line), as a function
of dilution time.
Decadic decreases in concentration from C
are marked at their corresponding elapsed time intervals.

37
baseline frequency,

fo, over the time of the experiment.

By monitoring fo (without added sample) over extended
periods, the variations of fo were found to be equal to
ofo = 0.01 x fo for all frequencies examined.

The

standard deviation for the change in frequency response is
taken as the same as that for the baseline frequency, such
that crAf = cfo.

Thus, the relative uncertainty of the Af

response is given by ± 0.01fo/Af and has been plotted as
the dashed line in Figure 7.

At any point during the

experiment, the greatest contributions to uncertainty in
the analyte concentration, as calculated by Equation 2,
are due to the uncertainties in the preparation of the
original concentration, Co, and in the measured flow rate,
Fd .

Only relative molar, responses over the dynamic range

of the instrument are reported.

Therefore, the

uncertainty in Co is unimportant, since any error in the
magnitude of C° will cancel in the calculation of the
relative molar responses.

The critical source of

uncertainty in concentration is related to the measured
carrier gas flow rate.

After numerous measurements, the

relative uncertainty in the measurement of F d was
determined to be ± 2.0%.

The effect of this uncertainty

in flow rate on the uncertainty in the concentration of
analyte being delivered by the diluter, is shown as the
dotted line in Figure 7.

The net relative uncertainty in

the final determination of relative molar response is then
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provided by the square root of the sum of the squares of
the individual uncertainties in response and the
calculated concentration.

This result is shown as the

solid line in Figure 7.
Figure 7 shows that the major contribution to the
uncertainty in the relative molar response during the
early portion of the experiment is due to the uncertainty
in the calculated concentration, while at later times the
uncertainty in the Af response measurement becomes
dominant.

Placing an acceptable limit of uncertainty in

the relative molar response at ± 10%, only data collected
over the first 5000 seconds should be used.

This

corresponds to approximately a hundred-fold dilution in
original sample concentration, Co.

For this reason, the

molar responses of CF 2Cl 2 and CFClg 1 are only reported
over the first two decades of relative concentration,
where the measurements of relative molar response are
expected to be accurate within ± 10%.

1to be shown in Figures 27 and 28
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RESULTS AND DISCUSSION
Linearization of tne ECD Response to Strongly Responding
Compounds
The CCP-ECD has been shown to yield responses for
many compounds which are linear over 4 to 5 orders of
magnitude of sample concentration and up to 99% of
detector saturation

(6,16).

However, for those compounds

to which the ECD is most sensitive, such as the
polyhalogenated hydrocarbons, non-linear responses are
observed even with the CCP-ECD.

This lack of linearity

for these types of molecules is not due to instrumental
deficiencies, but is attributed to the alteration of the
sample concentration within the detector by the electron
capture process itself.

Non-linear responses of this type

have been previously described and explained

(7-9).

Briefly, this behavior for strongly electron attaching
molecules is explained as follows.

For low concentration

samples the electron density remains relatively large so
that a significant fraction of the sample is destroyed by
the electron attachment process.

A small linear range

between response and sample concentration exists in the
low concentration region as long as the electron density
remains sufficiently large that a constant fraction of
analyte is reacted.

As the concentration of sample
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increases, a smaller population of electrons consumes a
successively smaller fraction of the analyte.

Since the

response of the CCP-ECD is proportional to the
instantaneous concentration of sample within the detector,
the measured response cannot be linearly related over the
entire dynamic range of the detector.
Ah extended means of processing the response of the
CCP-ECD was developed for use with the strongly responding
compounds in which a linear response for these molecules
are obtained ove% the entire dynamic range of the
detector.

This improvement occurs because the alteration

of analyte concentration by the EC process is accounted
for and incorporated into the response function.
Following the theoretical description of the extended
response function, experimental support is given using the
strongly electron attaching molecules CFCl 3 and CCl 4 as
test compounds.

These molecules were chosen as test

analytes because their EC chemistry is well-behaved,
exhibiting a one to one electrpn-to-analyte stoichiometry.
It is first appropriate to describe how the measured
response is related to sample concentration in the normal
CCP-ECD.

The reactions occurring within the ECD which are

of primary significance include the following:

<

Neutrals + B

— -— >

P+ + e-

(3a)
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A + e-

kA
------ >

■
negative ions + neutrals

(3b)

B + e-

kB
------ >

negative ions + neutrals

(3c)

R
----- >

P+ + e-

P+ + negative ions

neutrals

R
----- >

(3d)

neutrals

(3e)

where Reaction 3a represents the production of positive
ions (P+ ) and electrons

(e-) by the ionizing radiation

(usually provided by 63Ni), with S being the first-order
ion-electron pair production rate constant.

The electron

loss pathways are given by Reactions 3b-3d.

Electron

capture by the electron attaching sample

(A) is given by

Reaction 3b, where k& is the second-order rate constant
for electron capture.

Loss of electrons by attachment to

carrier gas impurities and column bleed (B) is combined
into a single Reaction 3c with a rate constant, kB „

The

final electron loss mechanism is recombination of positive
ions (P+ ) with electrons

(e-).

Reaction 3e is the

recombination of positive ions with negative ions to form
neutrals.

For the above reactions the change in electron

density with time can be expressed as a simple
differential equation of the form,

'

dNe/dt

= S -

LNe

(4)
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where L = (Rn+ + kAnA + kBnB ) is a first-order rate
constant which represents the sum of all the electron loss
rates and N e is the instantaneous electron population.
The entire term, L, can be treated as a first-order rate
constant,

independent of the variable N e , if the terms n+p

nA , and nB can be assumed to remain constant over the
period of the pulse.
a well-mixed reactor

The ECD has been shown to behave as
(4,5,8,23) and it can be reasonably

assumed that over the short time of the period between
pulses that nA and nB remain constant.
concentration

Positive ion

(n+) is assumed to be relatively constant
(23 ) (the validity and implications

throughout a

of this assumption are further discussed in the Physical
Parameters Section).

Integration of Equation 4 and

evaluating at time t = T, the pulse period yields the
following expression for N^, the population of electrons
at the instant prior to the pulse.

NT

=

(S/L)(I - e"t T )

(5)

Given that the level of demanded current I '= K'N^/T,
where K 1 is a proportionality constant somewhat less than
unity that accounts for the perturbation in the observed
current by the arrival of positive ions at the anode
between pulses

(21), Equation 6 is obtained.

I

=

(K'S/LT)((I - e"LT )

(6 )
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In the CCP-ECDf as its name Impliesf the demanded Currentf
If is physically maintained at a constant level, and
inspection of the above equation reveals that the
magnitude of the current can remain constant as the input
of analyte changes, only if the values of L and T vary in
a definite manner such that the product of L and T remains
constant at all times.

Therefore, the entire term,

e-L?) = z, must also be a constant.

(I -

Realizing that the

frequency of pulsing, f, is equal to the reciprocal of T,
Equation I is obtained.
f

=

(I/K'SZ )L

(7)

In the CCP-ECD, the response is taken as the change in
frequency f - f o , where f° and f correspond to the frequency
of pulsing in the absence

(L = Rn+ +, kgng) and presence

(L = Rn+ + kB nB + kAnA ) of sample, respectively.

The

usual response of the CCP-ECD, defined as the frequency
increase is then given by Equation 8 ,

f-fo
where G = IkftZ K 1SZ.

=.

(I/K'SZ)kA nA

=

GnA

(8 )

This response function is seen to be

linearly related to the instantaneous concentration of
analyte within the detector.

This response will also be

linearly related to the amount of material entering the
detector from the GC provided the concentration of the
analyte is not significantly perturbed by the EC process
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itself.

This condition is met only for compounds which

have low to moderate rates of electron capture.
For molecules which have fast electron attachment
rates, the concentration of analyte entering the detector
is not the same as the instantaneous concentration within
it.

For these cases it is necessary to relate the analyte

concentration which is entering the cell

(the quantity

sought) to the instantaneous concentration in the cell
(the quantity sensed by the normal CCP-ECD).

This effect

of analyte destruction by the EC process is shown in
Figure 8 , where the effluent from one ECD is analyzed by a
second ECD.

AS is seen for the case of CHCI 3 , a compound

with a moderate electron capture rate, nearly identical
responses are obtained in both detectors.

However, for

both of the strongly responding compounds CFCI 3 and CCI 47
the response in the second cell is considerably diminished
compared to that in the first cell, indicating that a
significant fraction of the analyte has been destroyed by
the EC process.

The concentration of sample entering the

detector is no longer equal to the sample concentration
within the detector.

The change in instantaneous

concentration within the detector with time is described
by Equation 9.

dnA/ d t

=

FN&/V - kAnAN e/V - FnA/V

(9 )
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I = 5 0 0 us

CHCl

cell

cell

tim e
Figure 8 . Chromatograms of halogenated methane standards
obtained using tandem BCD's.

46
The first term is ventilation into the cell, where F is
the carrier gas flow rate, V is the detector volume, and
is the concentration of the analyte entering the cell.
The second term is the electron capture term where nA is
the instantaneous concentration of sample and N e is the
average electron population over the pulse period.
final term is ventilation out of the cell.

The

Because

gaseous diffusion is fast relative to the flow rates used
here, it is reasonable to assume that the ECD is a wellmixed reactor with respect to the distribution of analyte
within it.

A steady state approximation is then valid and

Equation 9 can be set equal to zero.

Solving for nA

yields Equation 10

nA

=

pnAz (kAN e + F)

(10)

Substituting Equation 10, the expression for the
instantaneous sample concentration in Equation 8 yields
Equation 11.

f - fo

=

(I/K'SZ)

The time-averaged electron population, N e, is equivalent
to n |, only it the period between pulses is sufficiently
long that an equilibrium between the production and loss
of electrons is established.

In the CCP-ECD, fast pulsing

is normally used, and then N e = K wN^ where K . is a
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proportionality constant between 0.5 and 1.0 (the
proportionality constant can be evaluated from the general
expression K n = (I - e-L T )

- (LT )-1 which accounts for

the reduced value of the average' electron population.
Combined with the effect of the positive ion contribution
on the measured current, the measured current can be
redefined as I = K'N^/K"!.

Substituting N e obtained from

this expression and T = 1/f into Equation 11 results in
Equation 12,

f - fo

=

Gnft/{ (H/f) + 1 )

where again, G = Ik^/K'SZ and H = Ik^KnZFK1.

(12)
Equation 12

is of the same form as Equation 8 , except for the
denominator,

(H/f)+l, which accounts for the alteration of

the analyte concentration by the EC reaction.

Most

importantly, njv the quantity desired in the analytical
measurement,

rather than nA , occurs as the independent

variable in Equation 12.

In the case where the electron

capture rate constant is small, the term H/f becomes
negligible and Equation 12 reduces to Equation 8 .

A

slight rearrangement of Equation 12 yields an alternate
definition of response for a CCP-ECD, Equation 13.

(f - fo) (H + f )/f

=

GnA

(13)

This expression more conveniently describes the response
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of the CCP-ECD than does Equation 8 , because the response
is related to n^, the analyte concentration eluting from
the GC into the detector, rather than the instantaneous
concentration within the cell.
Simulated responses derived from Equations 12 and 13
and from reasonable approximations of G and H are shown in
Figure 9 for two relatively strongly responding compounds
and one moderately responding compound.
the values used to determine Hs

The following are

.K1 = 0.75 (for detectors

of concentric coaxial design about 25% of the positive
ions arrive at the anode between pulses
amperes

(21)? I = 7 x 10~9

(the value for the reference current used in the

experiments reported here)? F = 0.5 mL/s

(a typical volume

flow rate)? and K" = 0.5 (the time averaged electron
population is about half of the maximum instantaneous
electron population when relatively fast pulsing is used).
With the above estimates, H = 6000, 3000 and 60 s”^ for
the EC rate constants of I x 10~^, 5 x 10-® and I x 10 ®
mL/s, respectively.

The shape of the response curves is

only dependent on the values of H and the base frequency
of pulsing in the absence of sample.

A value of fo =

1000 s~l is chosen here to mimic the experimental
conditions.

The constant G contains many of the terms

previously determined for the constant H.

However,

it is

also dependent on values of the constants S and Z, both of
which are more difficult to evaluate.

Fortunately, the

CONC.
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10

10

01

O

CONCENTRATION (relative)

Figure 9. Synthesized molar response curves predicted from
(A) the conventional response function calculated
from Equation 12 and (B) the extended response
function calculated from Equation 13, for three
analytes of differing electron capture rate
constants.

)
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magnitude of G determines only the relative amplitude of
the response curves and has no effect on their shape.
Because the shape of the response curves is of primary
concern here, values for G have been selected rather
arbitrarily.

For the rate constants of I x 10"?, 5 x 10”®

and I x 10~9 mL/s the corresponding values of G assigned
were 24,000, 12,000 and 240 concentration"! s“!,
respectively.

Figure 9 is divided into two parts.

In

part A response curves are predicted for the usual
response,

and in part B for the newly developed

(f-fo),

response function,

(f-fo)(H+f)/f.

In part A, only the response associated with the.
small EC rate constant is linear with concentration.

This

is expected because H is small with respect to f for all
concentrations.

The response curves corresponding to the

larger EC rate constants I x IO-7 and 5 x 10” ® are S- '
shaped.

This behavior is observed because in the low

concentration region the ratio of H/f > I.

It is

interesting to note that in the low concentration region
the molar responses of the imagined compounds converge
towards a common value.

This is expected because in the

limit of low concentration 100% of sample reacts producing
identical molar responses.

When the response function as

defined in part B is used, the predicted response curves
are linear with concentration over the entire response
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range, regardless of the rate of the electron capture
reaction.
From a series of chromatograms such as those shown in
Figure 10, over a wide range of analyte concentrations the
molar response curves of CFCl3 , CHCl 3 and CCl 4 shown in
Figure 11 were obtained.

Figure 11 is constructed in the

same format as Figure 9.

On the left side, part A, the

molar responses for the three compounds are plotted as (ff 0 )/fiux, and on the right side, part B, the response is
taken as { (f-fo)/f}/flux.

The molar responses have been

defined as the response divided by flux, the rate of
analyte input into the cell, instead of concentration
because, by using the former, the molar responses of these
compounds may be directly compared. The molar responses
reported in this manner are more meaningful because they
are independent of chromatographic conditions.

In Figure

11, CCl 4 is seen to be the most strongly responding
compound followed by CFCI 3 and CHCI 3 / respectively.
Comparison of the theoretical curves shown in Figure 9
with those in Figure 11 indicates considerable similarity.
The response curves for CFCl 3 and CCl 4 in part A of Figure

11 are seen to be non-linear with respect to sample
concentration and similar in shape to the synthesized
response curves in part A of Figure 9 for k = I x 10”^ and
5 x IO- 8 .

in part A, Figure 11, only CHCl 3 exhibits a

molar response which is independent of analyte
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TIME-- >
Figure 10. Typical chromatograms of standards containing
CFClv C H C l and CCl..
Concentrations are (A)
3.8 ppb CFClv 48 ppb CHCl-. and 9.5 ppb CCl.;
(B) 0.38 PPbjCFCl-., 4.8 ppb CHCl, and 0.95 gpb
CCl4 .

(f-n
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FLUX (re la tiv e )

Figure 11. Measurements of relative molar responses versus
relative input rate (flux) for halogenated
methane standards, where the response has been
measured using (A) the conventional response
function and (B) the extended response function.
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concentration.

With the extended definition of the total

EC response given by Equation 13, the relative molar
responses shown in part B of Figure 11 are obtained for
the three test compounds.

For CFCl 3 and CCl 4 the

respective values of H = 4600 and 7200 s-1 were used,
while for CHCl 3 the value of H was assigned to be zero.
For the two strongly responding compounds the value of H
was determined from the data corresponding to the marks
designated on the response curves in part A of Figure 11
and Equation I (for discussion see Experimental Section).
The improvement in linearity of the response to CCI 4 in
part B relative to that in part A is quite dramatic.

When

the CCl 4 response is taken as (f-f0 ), the relative molar
response changes by about a factor of six over the dynamic
range, whereas, with the extended definition of response,
only a 10% variation in molar response is observed over
the same concentration range.

The overall molar response

for CFCl 3 appears to be about half of that of CCl 4 .

This

rate of attachment to CFCI 3 is however, still large enough
so that its (f-f0 ) response in part A varies by a factor
of four over the concentration range examined.

Again, the

molar response for CFCl 3 in part B is seen to remain
relatively constant with concentration.

The response

curves for CHCl 3 are seen to be linearly related to sample
concentration in both parts A and B of Figure 11.

This

result occurs because the rate of electron capture for
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CHClg is only moderately fast, such that H/f is small for
all concentrations.

In this case the response defined in

part B becomes equivalent to the usual response in part A.
The superior characteristics of the newly defined
response function are further illustrated in Figure 12,
where the same data for CFCl 3 has been plotted as response
versus sample concentration.

This figure shows two

calibration curves in which the response is taken as
either

(f-f») or (f-fo)(H+f)/f.

The calibration curve

obtained using the conventional response shows
considerable curvature and requires the use of at least
several data points to be adequately defined.

However,

the calibration curve using the proposed response function
is a straight line passing through the origin.
extended response function,

With this

it is possible to define a

useful calibration curve with as little as a single point,
provided the value of H is known for the compound of
interest.
In using the proposed response function for
quantitative analysis, it is necessary to know the value
of H associated with each compound of interest.
Determination of H can be accomplished from as little as
two measurements of high and low concentration samples.
However,

if greater precision is required, a larger number

of standards can be analyzed.

Once values of H have been
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CONCENTRATION (ppb)

Figure 12. Calibration curves for ECD responses to CFCl
3
using both the conventional and extended
definitions of response.

I
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determined for a given detector temperature, these values
should be valid in subsequent analyses, even if different
chromatographic conditions exist.

This follows because H

is only dependent on the reference current I, the flow
rate F, and the second-order rate constant k&f all of
which are constant or easily controlled.
The use of the proposed response function will be
further facilitated by use of an associated data system.
The analytical signal can- then be determined in real time,
in terms of the extended function
as the conventional

(f-fo)

method.

(f-fo)(H+f)/f,

as well

This would allow

chromatograms to be processed in either or both modes.
The new response function will allow peak areas, as well
as peak heights, to be used as a measure of concentration
of strongly responding compounds.

Peak areas obtained

from responses which are non-linear are complicated and
probably meaningless because the molar response is not
constant over the concentration variation occurring during
a single chromatographic peak.
While the extended definition of response proposed
accounts for a major cause of non-linearity in the EC
response to strongly responding compounds, additional
complicating influences on the total quantitative response
of the pulsed 63$ji_j3CD have not yet been fully
characterized.

For certain compounds, the mechanism of

58
electron attachment will be more complex than the
relatively well-behaved cases of CFCI 3 and CCI 4 studied
here.

The assumption that the EC response can be

explained by a simple reaction between an electron and an
analyte molecule may not always be valid, such as in the
case of the alkyl chlorides

(10 ), anthracene

(11 ) and

methyl iodide (9), where additional chemical steps are
required to describe the total response.

Also, in the

case of the highly halogenated hydrocarbons, for which the
ECD is often used, further electron capture by the
products from the original EC reaction seems quite
probable.

In addition to these chemical effects, another

potential source of non-linearity is in the failure of the
assumption that the positive ion density remains constant
under all conditions of sample concentration and pulsing
frequency.

The validity of this assumption is dealt with

in depth in the Physical Parameters section of this study.
Response of an ECD to Methyl Iodide
In the previous section a mechanism was described
which explained the EC response to strongly responding
molecules, such as CFCl 3 and CCl 4 .

The ECD response to

CH 3I? another strongly responding halogenated methane, is
discussed in this section.

The response of CHgi is found

not to be adequately described by the previously proposed
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mechanism, and additional chemical steps must be considered
in describing its total EC response.
Typical chromatograms, such as those shown in Figure
13, were obtained using wide ranges of CHgBr, CFClg, CHgIr
CHClg and CCl 4 concentrations.

These chromatograms were

obtained using a FFP-EGD and by measuring the current at
the center of each peak; the response in terms of (I0-I)/!
was calculated from the recorded chromatograms.

The

dependence of this response on varied concentrations is
shown in Figure 14 for three different detector
temperatures.

With the exception of CHgi, these results

are to be expected.

At all temperatures the

(1° - D / I

responses of CHClg and CHgBr are linearly related to
concentration over the entire response range.

This is

expected because for these molecules the electron capture
rates are moderate and only a small fraction of the sample
is destroyed by electron capture process under all
conditions.

Also as expected, the responses to CFCI 3 and

CCl 4 are non-linear at all temperatures.
The calibration curves for CHgI are not of the same
form as those of CFCl3 and CCl4 .

At the high detector

temperature of 275°C, the shape of the CHgI calibration
curve somewhat resembles those of CFClg and CCl4 , but as
the detector temperature is lowered, distinct differences
are observed.

At 75°C, the response of CHgi is seen to be

linearly related with respect to concentration over the

1.0 ncimp

0.1 nam p
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CHCI-

T IM E

-+

Figure 13. Typical chromatograms of standards containing
five halogenated methanes. Detector temperature
is 75°C.
Concentrations are (A) CH Br 20 ppb,
CFCl
0.2 ppb, CH I 0.2 ppb, CHCl
0.8 ppb and
C C l . 0.4 ppb; (B) CH Br 800 ppb, CFC l 1 8 ppb,
CH I 8 ppb, CHCl
32 ppb and CCl 4 16 ppb.
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CHCl-

150 °C

UJ

Concentration ( ppb)

Figure 14- Calibration curves for ECD response to CH 3Br,
and CCl 4 as a function of
CFCl3 , CH I, CHCl3 detector temperature
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entire response range.

Thus, at low concentrations,

the

ECD response to CHgl, shown in Figure 14, at 75°C is
significantly greater than that of CFClg and at higher
concentrations the relative responses of the two compounds
are reversed.

Since the response to CHgI at low

concentrations exceeds that of CFClg, one might have
expected very fast destruction of CHgI by the electron
capture reaction itself and a very non-linear calibration
curve.
The ECD response to these chemicals.at the two
extremes of temperature are shown again in Figures 15 and
16,

where the relative molar response is defined as the

response (I0-I)ZI divided by flux,

thereby allowing a

direct comparison of the molar responses for all the
compounds studied.

Examination of the molar responses,

shown in Figures 15 and 16, reveals once again that only
the weakly responding compounds CHgBr and CHClg exhibit
nearly constant responses over wide ranges of
concentration.

At 275°C, Figure 15, the molar responses

of CFClg, CHgI and CCl 4 are relatively constant over the
initial range of small sample flux followed by a
continuous increase over the last decade of concentration
change.

At 75°C (Figure 16) the molar response profiles

for CHgBr, CHCI 3 , CFCl 3 and CCl 4 are similar to those
shown in Figure 15.

However, the molar response for CH 3I
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CFCI

CHCI

FLUX

(relative)

Figure 15. Data of Figure 14 at 275°C shown in the form of
relative molar responses vs_. relative analyte
input rate (flux) into the detector.
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Figure 16. Data of Figure 14 at 75°C shown in the form of
relative molar responses v s . relative analyte
flux into detector.
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has increased with respect to the other strongly
responding compounds CFCl 3 and CCI 4 and is also nearly
constant over the entire.concentration range.

In light of

the discussion in the previous section concerning the
measured responses with the CCP-ECD, the molar responses
obtained for CH 3Br, CHCl3 , CFCl 3 and CCl 4 are consistent
and expected.

The response profiles for the strongly

responding compounds CFCl 3 and CCl 4 , although not S-shaped
as expected from the previous discussion of the CCP-ECD,
are consistent with the mechanism described in that
section.
The case of CH3I cannot be successfully interpreted
in terms of a single, fast electron capture reaction in
which the observed response is complicated by alteration
of the analyte concentration by the EC process, as was the
case for CFCl 3 and CCl4 .
16.

This is most apparent in Figure

The molar response of CH 3I is seen to be almost

constant over the entire dynamic range of detector
response.

In this respect,

it more closely resembles the

cases of CH3Br and CHCI 3 , but the cause of its wide range
of constant molar response cannot be that its electron
attachment rate is small.

At 75°C, the low concentration

data clearly indicate that the molar response of CH 3I is
approximately two times greater than that of CFCl 3 and
CCl4.

This implies that for CH3I the electron attachment

rate is very large.

In order to account for the wide
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linear response of CH 3I, and also for its large molar
response relative to CFCl 3 and CCl 4 , the following EC
mechanism for CH 3I is suggested.

kI

CH 3 I + e-

' I" + P+

HI + e-

------ >

R
----- >

CH 3+ I

(14a)

HI + neutral

k2
------ >

I” + H+

(14b)

.

(14c)

Following EC reaction 14a, it can be shown that
recombination Reaction 14b will always occur, very rapidly.
The value of R, the recombination rate constant,
3 x 10-6 mL/s.

is about

The positive ion density will be equal to

the electron density for the condition of long pulse
periods

(23), so that n+ = 6 x IO 7 ions/mL.

The pseudo

first-order rate constant of recombination is then Rn+ =
180 s -1 and the half-life of 1“ against Reaction 14b is
only about 4 ms.

It is likely that a product of

recombination 14b is HI, since the positive ions will very
likely be proton-rich (28).

For the cases of CFCI 3 and

CGl4 , where Cl" is the negative ion produced. Reactions
14a and 14b are also expected to occur rapidly, but
thermochemical considerations indicate that only for the
case of CH 3I can Reaction 14c be expected to occur.

The

heat of Reaction 14c is equal to the electron affinity of
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I minus the bond dissociation energy of HI.
are EA 1 = 71(29) and BDE h i = 70(30) kcal.

These values
Thus, this

reaction is nearly thermoneutfal and could occur at a
reasonably fast rate.

For the cases where Cl" is

generated, however, the values E A d

= 84(29) and BDE jjci =

102(30) kcal indicate that the reaction corresponding to
14c with the Cl" anion will not occur because it is
endothermic by 18 kcal.

For compounds which produce the

Br- anion, electron capture by HBr will also be
endothermic by 6 kcal since EAfir = 81(29) and BDEfifir =
87(30) kcal.

In support of these thermochemical

arguments, direct measurements of electron attachment by
the hydrogen halides have shown that only HI will react
rapidly with thermal electrons

(31).

If Reaction 14c occurs rapidly, the overall response
to CH 3I can then be hypercoulometric, where more than
one electron per CH 3I molecule can be consumed.

Since the

product of Reaction 14c is I- , this anion can be again
converted to HI by Reaction 14b.

This recycling of l”

provides the possibility of several electron attachments
to the two neutral forms of a single iodine atom as it
passes through the cell.

For example, consider an

arbitrarily chosen possibility, where both k% and k 2 are
quite fast and equal, i.e.», k^ = k 2 = 5 x 10""® mL/s.

The
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pseudo first-order constants are then kNe/V = 5 x 10 “8
mL/s x 6 x 107 mL~^ = 3 s-^ , and the half-life of both
species, CH 3I and HI, against electron capture is about
0.23 s.

With a typical flow rate and cell volume of 0.5

mL/s and 1.0 mL, respectively, the residence time of
material in the cell is about 2 s.

Therefore, up to about

eight cycles of electron attachment to the iodide species
derived from a single CH 3I molecule could conceivably
occur.
An expression can be derived for the CH3I mechanism
comprised of Reactions 14a-c which relates the measured
response and the analyte concentration entering the
detector.

The reasonable assumption is made that upon

formation of I“ , the recombination reaction 14b
immediately forms HI so that n^j = n^j + ng% at all times.
Equation 4 from the previous section can then be rewritten
i

dNe/dt = S -

LNe

(14)

where L = (kjnRI + I^nj11 + kgng + Rn+) .

Because of the

long pulse periods used (2 ms) a steady State condition
between electron production and loss is assumed and
Equation 4 can be set.equal to zero.

Solving for N e

results in Equation 15.

(15)
kInRI + k2nHI + kB nB + Rn+
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The instantaneous concentration of CH 3I (n^j) within the
detector is given by the previously described Equation 10
and the recombination product ngj = n^j - n^j from the
initial assumption.

Substituting this result into

Equation 15 yields Equation 16.

(16)
FnRi

+ k'

\

+ kgng + Rn+

The measured ECD current,

I, is directly proportional to

N e r and an expression for

(I°-I)/I function can be

obtained by evaluating

O
(Ne-Ne )ZNe from Equation 16,

where Ne is the electron population when nR% = 0.

Al/I =

ki/L’k i v F T i ) + k2/1'

R iNeZFH-I

nRI
(17)

where L ' = (kBnB + Rn+).

At long pulse periods the

average electron population N e becomes equivalent to the
population just prior to the pulse N e , such that N eZNe =
IZl0.

Substituting for Ne and rearranging yields the

following expression for molar response.

AiZI
O
nRI
where X = R 1NeZF.

I + R2Zk1XIZIo
(18)

R 1Z L 1
XiZIo + I
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The data in Figures in 15 and 16 can now be compared
with Equation 18.

First, considering the two most weakly

responding compounds, CH3Br and CHCl3 , it is seen that
their molar responses are relatively constant over the
entire concentration range.

For these molecules, k 2 = 0

and ki is sufficiently small that the composite term X
will be less than unity and Equation 18 reduces to

—

Al/I
--nRI

=

kl/L'

(19)

which predicts the molar response should remain constant
over the entire dynamic range of the detector.
For CFCl 3 and CCl 4 the products of the initial
electron capture reaction are inert to further reaction,
so k 2 will be zero; however, k^ is very large and the
composite term

x

will be greater than unity.

To

illustrate this point for the chromatograms obtained, the
value of X can be approximated as follows:

the flow rate

used was 0.5 mL/s; for strongly attaching molecules such
as CFCl 3 and CCl 4 , k% is on the order of I x IO "7 mL/s
(32); Ng is estimated from the measured standing current,
1° = 4 namp, and the pulse period is 2 ms, 1° = Ng/T, and
Ng = = 6 x IO^ electrons/mL.

Thus, the composite term, X,

is equal to 12 for the representative values listed and
significantly exceeds unity.
Equation 18 reduces to

With kj = 0 and X large.
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Al/I
(20 )

O

It is interesting to note the similarity between the above
expression and Equation 12, derived for the CCP-ECD.

Both

expressions predict S-shaped molar response profiles.
Equation 20 predicts that the molar response should remain
reasonably constant at low concentrations, such that
1/1° = 1.0.

As the sample size increases to the point

where I is significantly reduced relative to I0 , the molar
response increases continuously until a hypothetical limit
expressed by Equation 19 would be obtained for these
compounds.

This limit appears not to be reached in the

measurements reported for CFCl 3 and CCl 4 , because the
maximum (I°-I)/I response judged to be measured with
acceptable accuracy is less than (I°-I)/I = 10 or 1/1° =
0.1=

Thus, the product of X and 1/1° in Equation 20 never

becomes small enough with respect to unity to allow the
maximum molar response to be observed.
At a detector temperature of 7 5°C the molar response
for CH 3I shown in Figure 16 is nearly constant over the
entire concentration range.

This behavior can be

explained if ki = k 2 and both are relatively large,
whereupon Equation 18 reduces to Equation 19, but for an
entirely different reason.

The molar response to sample

is large since kj is large and will be constant over the
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entire dynamic range of the detector.

This result might

have been intuitively expected because the sum, nRI + njjj,
is constant and the electron capture rate to either iodide
species should be nearly identical.

This behavior appears

in agreement with the experimental results obtained at
75°C for CHgI.

it should be noted, however, that! k% for

CH 3I is probably not larger than kj for CFCI 3 and C C l ^

in

spite of the fact that in Figure 16 the molar response of
CH 3 I is about twice as great as that of CFCI 3 and CCl 4 for
the small concentration condition.

Under this condition,

the CH 3 I molar response is proportional to kj/Lr whereas
for CFClg and CCl 4 the molar responses are proportional to
kj/xL.

Therefore, the electron capture constants of CFCI 3

and CCl 4 are probably several times greater than the k% of
CH 3I 0

At high concentrations the molar responses of

CFClg and CCI 4 , shown in Figure 16, clearly indicate that
the electron capture rate constants for these molecules
are, indeed, greater than that of CHg 1 .
Within the mechanism of Reactions 14a-c and Equation
18, another type of response which differs from those
previously discussed is also possible.

This occurs when

kj is fairly large and kg is very large, so that X = I
kg/ki = 10.

and

In this case, the molar response will be

expected to decrease strongly as I/I* becomes small with
K

large sample sizes.

‘

t

While this behavior has not yet been
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observed in the limited cases examined so far, it seems
probable that such systems will be found.
In interpreting the results reported here, it has
been assumed that the magnitude of the response is
proportional to the extent of reaction of electrons with
sample material.

The possibility that physical parameters

affect the response has also been considered.
coworkers

Aue and

(33) have shown, for example, that with the D.C.

mode, electron capture can be so hypercoulometric that it
appears that each molecule has resulted in the consumption
of an impossibly large number of electrons.

They suggest

that such responses with the DC-ECD are due to complex
negative-ion migration and space-charge effects rather
than with the stoichiometry of the EC reaction.

While

most of their work in this area has been with the DC^ECD,
this group recently suggested (34) that these nonclassical forces may also affect responses observed with
the pulsed modes of operation.

While it seems possible

that the responses observed with a pulsed ECD may be
dependent on such physical effects, it does not seem
appropriate to invoke these secondary effects to explain
the results reported here.

In the measurements reported

here, response differences among various compounds have
been observed under identical physical conditions of the
detector.

It seems most likely, therefore, that the

differences reported here between CH3I and CFCI 3 , for
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example, are due to differences in the nature of their
electron capture reactions.
A practical application of this work is to find
functional groups which exhibit both increased sensitivity
and ease of quantitation over the entire dynamic range.
From the work reported here, the iodide functionality
appears to be a favorable type.

Unfortunately,

iodide

derivatives are often thermally unstable and may not pass
quantitatively through many chromatographic systems.
Also, as shown here, the most favorable response
characteristics of CHgi were observed with a detector
temperature which would be too low for general organic
analysis.

It seems quite possible, however, that other

functional groups will be discovered which possess greater
thermal stability and react in accordance with the CH3I
mechanism at high detector temperatures.

Response of an BCD to Ethyl Chloride
Grimsrud and Miller

(10) reported that the alkyl

monochlorides exhibit very unusual and non-linear
calibration curves with the CCP-ECD.

For example, the

calibration curves of methyl chloride and ethyl chloride
from within this report are reproduced in Figure 17.

The

most striking feature of the calibration curves shown in
Figure 17 is that after a region of roughly linear '
behavior under low concentration conditions a sharp break
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Sample

C o n c e n tra tio n (ppm)

Figure 17. ECD response to CHUCl and C 2 H 5Cl standards
throughout wide range of concentration. Detector
temperature is 300°C.
(Reference 10).
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occurs after which the observed response increases little,
if at all, with increases in sample concentration.
is most dramatically exhibited by ethyl chloride,

This
in which

there is no apparent increase in response with
concentrations of ethyl chloride greater than ~l ppm.
This behavior is considerably different from that of the
strongly responding compounds in which the molar response
was observed to increase with increasing sample
concentration.
Within that same report by Grimsrud and Miller

(10),

they observed that if oxygen was intentionally added to
the nitrogen carrier gas, at a concentration of
approximately 0 .2%, linear calibration curves for both
methyl and ethyl chloride were obtained over the entire
dynamic range of the instrument.
interesting consequences.

This result bears some

If the calibration curves for

the alkyl monochlorides obtained under standard conditions
reflect normal EC reactions, then the oxygen induced
calibration curves would have been predicted to also be
non-linear.

Since this was not the case, the result of

the increased molar response in the small sample
concentration region was interpreted as being the result
of some carrier gas impurity which sensitized the EC
reaction in a manner similar to that of oxygen.

Oxygen

was initially suspected as the impurity responsible, since
trace amounts of oxygen are always present,

in even the
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cleanest carrier gases.

Several experiments were

performed which indicated that the increased small sample
response of ethyl chloride could not be totally attributed
to trace levels of oxygen in the carrier gas.

On this

basis they concluded that the increased molar response of
the alkyl monochlorides under low sample conditions was
due to an impurity in the carrier gas other than that of
oxygen.
In attempting to explain the unusual behavior of the
alkyl monochlorides. Miller

(35) later proposed a

mechanism in which the hydroxyl radical, a product of
water and positive ion chemistry occuring within the
detector, could be responsible for the initial
sensitization of the observed response.

The following is

a brief synopsis of the mechanism proposed by Miller.
(21a)

Ng + &

—

+ e

N<£ + 2Ng

— ---

Nj[ + N 2

(21b)

---—

H$0 + 2N 2

(21c)

---

h |o

Nj + H2O

H|0 + H2O
HRCl + HO*
*RC1 + e~

—

+ h6

(21d)

*RCl + H 2O

(21e)

*R + Cl"

(21f )
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The first four reactions
the hydroxyl radical.

(21a-d) involve the production of

This reaction scheme was proposed

by Siegel and McKeown based on their observation that H 3O+
(H3O)n ions dominate the quiescent positive ion spectrum
of clean nitrogen carrier gas obtained with an atmospheric
pressure ionization mass spectrometer equipped with a 63^1
source

(28).

The reaction of the alkyl monochloride with

the hydroxyl radical. Reaction 21e, was proposed, since
photochemical oxidation initiated by hydroxyl radical
attack has been shown to be an important tropospheric sink
for halogenated hydrocarbons containing an abstractable
hydrogen

(14).

The final reaction is electron capture by

the radical halocarbon.

Within this mechanism, under

small sample conditions,

the observed response is due to

electron capture by the radical halocarbon.

However,

under large sample conditions, where the hydroxyl radical
concentration has been depleted, any increase in the
observed response is due to normal electron capture by the
alkyl monochloride.

On the basis of the above proposed

mechanism. Miller derived the following quantitative
relationship between sample concentration frequency
response for the CCP-EGD (35)

kekOHnHRClVKI
(kOHnHRClv + F)(keNev + ^ )

(22)
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where ke is the second-order rate constant for electron
attachment by the radical halocarbon and k0H is the
second-order rate constant for the ion-molecule reaction
between the hydroxyl radical and the monochlorinated
alkane.
Equation 22 predicts two distinct regions should be
observed in the calibration curves under small and large
sample conditions.

In the small sample region koHnHRClv <

F such that Equation 22 reduces to

KIkekOHnHRClv
F(keNeV + F )

(23)

Equation 23 predicts that a linear response will be
observed only over a small initial region wnere the extent
of the electron capture reaction is small, so that the
instantaneous electron population, Ne , remains nearly
constant.

Under large sample conditions koHnHRClv ^

Equation 22 then becomes
KIKe
f-fo

=

(24)
keNeV + F

However,

if the instantaneous electron population, Ne » is

sufficiently reduced, as would be expected under hi^h
sample conditions, then F > keNev an<^ Equation 24 further
reduces to
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f-fo

=

KIke ZF

(25)

Hence, the response becomes independent of sample
concentration.
Although the preceding equations predict calibration
curves similar to those observed for the alkyl
monochlorides,

it is difficult to envision a single simple

experiment which would prove the validity of this
mechanism.

It might be thought that varying the flow rate

would lend some insight; however, changes in flow
simultaneously affect the extent of reaction by altering
the residence time of the molecules within the detector,
hence changing the instantaneous electron population,
which also occurs in the denominator.

So flow rate is not

an independent variable.
It was at this point that this further study in the

,

characterization of the normal electron capture response
of the alkyl monochlorides was initiated.

Ethyl chloride

was chosen as the test analyte for this study, since it
exhibited the most dramatic non-linear behavior.

Since no

clear-cut experimental pathway was apparent with respect
to resolving the behavior of the mpnochlorinated alkanes,
it seemed appropriate to start by repeating some of
Grimsrud and

Miller's

(10) experiments.

Figure 18 shows

calibration curves of ethyl chloride at three different
detector temperatures.

The individual chromatograms which

R E S P O N S E (KHz)
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Figure 18. Wide range calibration curves of C 2H 5Cl at several different
detector temperatures.
Varian 3700 CCP-ECD. Carrier gas is N

2'
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make up these calibration curves were obtained using a
Varian 3700 CCP-ECD, the same instrument used in the study
by Grimsrud and Miller

(10).

The calibration curves in

Figure 18 are similar to those previously reported,
showing roughly linear behavior up to I ppm of ethyl
chloride concentration,

followed by a region of little to

no increase in response with increasing concentration.
Only at the highest detector temperature of 350°C does
increasing the concentration above I ppm result in an
increase in the observed response.

This result indicates

that ethyl chloride does undergo some normal dissociative
electron capture, which is favored by the higher detector,
temperature.

Generally, these results were expected and

are consistent with those observed by Grimsrud and Miller
(10 ).
Because of the. unique detector design used on the
Varian 3700 GC-ECD, there was some concern that the non
linear behavior observed might be the result of an
instrumental manifestation,

rather than a chemical one.

Figures 19, 20 and 21 show calibration curves of ethyl
chloride with two different carrier gases, nitrogen and
argon with 10% methane, obtained using three different GCECD systems.

Figure 19 was obtained using a Varian 3700

CCP-BCD, while Figures 20 and 21 were obtained using a
homebuilt GC-ECD operated in the CCP and FFP modes,
respectively.

These figures indicate, through their

1.5

RESPONSE
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C2 H5CI CONC. (ppm)

Figure 19. Wide range calibration curves of C-H Cl for N and Ar 10% C H .
carrier gases. Inserts show actual chromatograms corresponding
to indicated data points.
Varian 3700 CCP-ECD. Detector
temperature is 300°C.
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Figure 20. Wide range calibration curves of C.H Cl for N 2 and Ar 10% C H .
carrier gases.
Homebuilt CCP-ECD. Detector temperature is 200°C.
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Figure 21. Calibration curves of C 2H 5Cl for N 3 and Ar 10% CH 4 carrier gases.
Homebuilt FFP-ECD. Detector temperature is 150°C.

similarities, that the behavior of the monochlorinated
alkanes being studied is chemically and not instrumentally
dictated.

When nitrogen is used as the carrier gas, the

calibration curves obtained with all the different BCD's
exhibit the previously described behavior.

The maximum

responses observed, with either CCP-ECD Figures 19 and 20,
are only 1.5 KHz, which is well below the instrumentally
imposed 100 KHz detector saturation maximum.

<

It is also

noted that in all cases the ethyl chloride responses are
greater when nitrogen rather than argon 10% methane is
used as the carrier gas.

With the homebuilt GC-ECD

systems. Figures 20 and 21, the ethyl chloride response is
about seven times greater when nitrogen .VfiJLSHg. argon 10%
methane is employed as the carrier gas.

A most peculiar

result is observed when argon 10% methane is used as the
carrier gas with the commercial Varian 3700 instrument.
Figure 19, in which negative responses are observed for
ethyl chloride.

Negative responses can result when ethyl

chloride is present in the detector, with argon 10%
methane as the carrier gas, if either more electrons are
produced, presumably from ionization, or if the collection
of more electrons per pulse is facilitated by the presence
of the ethyl chloride, since with the Varian ECD pulsing
parameters all the electrons produced within the cell are
not collected by the pulse.

There is no logical basis for

either of the above explanations since ionization by the
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high energy betas has not been previously observed and the
electron drift velocity is already very fast in argon 10%
methane, such that addition of a few ppm of ethyl chloride
should exhibit little effect on the electron drift
velocity.

On other occasions, apparently anomalous

behavior has been observed in Dr. Grimsrud1s laboratory
when argon 10% methane was used as the carrier gas with
the Varian 3700 GC-ECD.

Ignoring the anomalous result

obtained with the Varian instrument,

if an impurity is

responsible for the initial sensitized response of ethyl
chloride, then this impurity is apparently present in
greater amounts in nitrogen than it is in argon 10%
methane carrier gases, or the methane somehow attenuates
the effect of the impurity.
In considering Miller's proposed mechanism where the
hydroxyl radical participates in the observed ethyl
chloride response, a reduction in the response with argon
10% methane carrier might be expected.

The second-order

rate constant for the reaction of methane with the
hydroxyl radical is 8.3 x IO-15 mL/s
that of 8.5 x 10~14 mL/s

(36), compared to

(35) for methyl chloride.

Assuming that a second-order rate constant of 8.5 x 10 ^
mL/s resulted in a measurable quantity of the halocarbon
radical, then, because of the similarity in the two rate
constants,

it might have been expected that ethyl chloride
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would not exhibit any response at all when argon 10%
methane is used as the carrier gas, since methane being
present in such large amounts would scavenge any hydroxyl
radical produced.

Figure 22 shows further evidence that

the hydroxyl radical is probably not solely responsible
for causing an ECD response to ethyl chloride.

Two

calibration curves are shown in this figure, one under
normal conditions, and the second when 100 ppm of pentene
has been intentionally added to the nitrogen carrier gas^
The second-order rate constant for the reaction between
pentene and the hydroxyl radical is approximately four
orders of magnitude greater than that of methyl chloride,
so that the pentene should scavenge any available hydroxyl
radicals produced.

As is seen in Figure 22, the response

to ethyl chloride is reduced, yet only by a factor of two
in the presence of pentene.

The results of these

experiments, although not conclusive, suggest that the
initial sensitized response observed for ethyl chloride
cannot be totally due to electron capture by the
halocarbon radical produced by the reaction of the
hydroxyl radical and ethyl chloride.
In view of the above, another approach to the problem
was considered.

If an impurity is responsible for the

initial response of the ECD to ethyl chloride, then the
reason the calibration curves fail to increase after a
certain ethyl chloride concentration could be that the

(KHz)
RESPONSE

with out pentene

with pentene

CpH=Cl

CONC. (ppm)

Figure 22. Calibration curves of C 2H-Cl under normal conditions (circles)
and with 100 ppm pentene added to the N„ carrier gas (squares).
Varian 3700 CCP-ECD. Detector temperature 300°C.
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impurity itself is consumed by the sensitization process.
By using two BCD's, where the effluent from one is
analyzed by the other, the response observed in the second
cell should be absent under conditions of large ethyl
chloride concentrations.

Figures 23 and 24 show

calibration curves of ethyl chloride obtained with dual
BCD's for two different flow rates and carrier gases.

In

both figures the BCD's were operated in the FFP mode and
the response was taken as the change in current Al.
Figure 23 shows the results with nitrogen carrier gas,
with flow rates of 34 and 98 mL/min,

in which the flow

through the column was 12 mL/min, while the remaining flow
was from a makeup gas which entered after the column.
Figure 24 shows the results with argon 10% methane as the
carrier gas with flow rates of 31 and 86 mL/min, again
where the column flow was 12 mL/min.

Inspection of

Figures 23 and 24 shows that the limiting response of
ethyl chloride is not due to the depletion of a
sensitizing impurity.

As in all cases, the response in

the second cell is significant,
of the first cell.

if not greater than that

It is interesting to note that at the

slower flow rates the response in the first cell is larger
than that of the second cell, which is in agreement with
the depletion of a sensitizing agent.

However, at the

faster flow rates the reverse occurs.

It is difficult to

justify a larger response in the second cell than that in

1st cell
34 ml/min

2 nd cell

Q---- D
9 8 ml/min

C 2 H 5 CI C O N C ( p p m )

Figure 23. Calibration curves of C 2 H5Cl obtained using tandem BCD's with
different volume flow rates through the detectors.
Homebuilt
FFP-ECD. Carrier gas N 3 . Detector temperature is ISO0C.
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0. 02-
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Figure 24. Calibration curves of C 2 H 5Cl obtained using tandem BCD's with
different volume flow rates through the detectors.
Homebuilt
FFP-ECD. Carrier gas Ar 10% C H ^ . Detector temperature is 150°C.
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the first based on simple electron capture chemistry.

One

possibility is that ethyl chloride is oxidized on the
surface of the transfer line which connects the two
detectors and that this oxidized product captures
electrons rapidly, but is very short lived.

Also, in

Figure 24, with argon 10% methane, the response in the
second cell for both flows does not level off alter one
ppm of ethyl chloride, but continues to rise throughout
the region of sample concentration studied.

In evaluating

the results of the dual cells, one must conclude that the
impurity or impurities responsible for the sensitized
response of ethyl chloride are not destroyed by the
process itself.
The results of several other experiments will be
summarized here but no experimental data will be shown.
Various dopant gases were added to the nitrogen carrier
gas to see if they affected the ethyl chloride response in
any way.
oxygen.

Among those tried were ammonia, water and
Oxygen, as has been previously reported (10),

caused an increase in the response at all concentrations
of ethyl chloride.

Additions of small amounts of ammonia

-10 ppm had no effect on the baseline current or the ethyl
chloride response.

Intentional addition of water vapor

-10 ppm into the carrier gas resulted in a decrease in the
standing current, and the response to ethyl chloride was
proportionately reduced, corresponding to the lower
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electron population.

Had the hydroxyl radical played an

important role, the addition of water should have resulted
in an increase in the hydroxyl radical concentration,
hence an increased response to ethyl chloride would have
been expected.
A series of experiments recently conducted within Dr.
Grimsrud1s lab appear to have identified the mechanism of
the ECD response to ethyl chloride.

It has been observed

that the response of anthracene is enhanced by the
simultaneous presence of ethyl chloride within the
detector.

Another way of stating this result is that the

response of ethyl chloride is enhanced by the presence of
anthracene.

Consider the following mechanisms

(26a)
(26b)

neutrals + Cl”

Anthracene itself exhibits a weak ECD response because
both the forward and reverse directions of the electron
capture reaction are very fast.

However,

in the presence

of ethyl chloride. Reaction 26b can occur where ethyl
chloride reacts with the negative ion of anthracene, thus
trapping it and forcing the equilibrium of Reaction 26a
further to the right, which results in a lowering in the
electron population and, therefore, a response.

This

mechanism is totally analogous to that of the oxygen
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induced response reported by Grimsrud j&l al.
In conclusion,

(10,11,37).

it appears that ethyl chloride does hot

undergo direct electron capture to any significant extent?
but causes an observed response by interrupting the
reverse electron capture reaction of any resonance
electron capturing impurities that may be present in the
carrier gas.

This is consistent with all of the results

reported here and explains why the systematic removal of
differing impurities did not cause a total diminution of
the ethyl chloride response.

The dual cell experiments

also indicated that the impurity was not destroyed by the
sensitization reaction, which, as it now appears,

is

charge transfer, so the impurity is regenerated at the
conclusion of the reaction.

The one result which is

difficult to explain within the context of the new
mechanism is the reduction in the ethyl chloride response
observed with the intentional addition of pentene. It may
be that the hydroxyl radical does somehow influence the
ECD response to ethyl chloride; however, the results
obtained upon addition of water vapor to the carrier gas
seem to indicate that the hydroxyl radical does not affect
the response.

The possibility exists, although no

mechanism is proposed, that pentene somehow removes
resonance electron capturing impurities.

Overall, the

data seem to indicate that the initial sensitized
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response of ethyl chloride is due to the presence of trace
quantities of resonance electron capturing impurities.
The observed response is due to the ability of ethyl
chloride to trap negative ions produced by resonance
electron capture, thereby lowering the electron
population, hence causing a response.
In considering the exact identity of the impurities
which result in a sensitized ECD response to ethyl
chloride, one is easily identified as oxygen, while
another may be carbon dioxide.

A major source of.

impurities arises from bleed of the column support
material into the detector, but speculation as to the
identity of these types of impurities is much more
difficult.

Although all the impurities which contribute

to the observed response of ethyl chloride have not been
identified, the results of this study may lead to a
potentially powerful new analytical technique.
preliminary findings with anthracene,

From the

it appears that

ethyl chloride may prove to be a good dopant gas for
selectively sensitizing the reponses of molecules which
undergo resonance electron capture.

Ethyl chloride

possesses the desirable characteristic, in that large
quantities of this substance can be added to the carrier
gas without adversely affecting the detector's standing
current or normal operation.

Higher detector temperatures

than previously employed can now be used, since the
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negative temperature dependence of resonance electron
capturing compounds requiring low detector temperatures is
no longer a concern in maintaining adequate sensitivity.
Cell Design for Probing the ECD Plasma
Within the literature there are many theoretical
models pertaining to a detailed description of the events
occurring within the ECD (4,5,8,19,22,23,38,39,40).

All

of these models share a common result with respect to the
relationship between measured response and sample
concentration; however, interpretation of the events
leading to this conclusion differ.

The major discrepancy

between the different models lies in the assessment of the
concentration and distribution of positive ions within
this device.

In order to improve our understanding of

this device it is necessary to discern which of these
models most accurately describes the events occurring in
the ECD.
Of the theoretical models in the literature, the
space-charge model proposed by Gobby

al.

(23) is

believed by this author to represent the most precise
description of. the events occurring within the pulsed

63Ni-ECD.
which,

In this section an experiment is described

if successful, will provide strong evidence in

support of the space-charge model.

Prior to discussing

this experiment, it is appropriate first to give a brief
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description of this model.

In a clean ECD, in which no

external fields are applied,

charge balance between

positive ions, electrons, and negative ions will be
strictly maintained

(20).

Application of the pulsed

potential clears all of the electrons from the cell.

A

uniform distribution of positive ions is left behind the
instant the pulse is removed.

This occurs because the

location of positive ions in space is not affected by the
applied pulsed potential. Because the production of
’
electrons is not fast enough to neutralize instantaneously
this excess positive charge, positive ions will be
transported and neutralized on any grounded cell surfaces
by the slower process of space-charge driven migration
through the electric field which their excess has created.
An important consequence of this system is that electrons,
which are formed after the pulse, will migrate rapidly to
the region of space where this positive space-charge
potential is at a maximum.

This results in a plasma

(uniform distribution of positive and negative charge
carriers) forming at the location of the potential
maximum, which grows radially with time after the pulse,
until charge balance is restored, at which point the
plasma occupies the entire volume.

The location of the

maximum in the space-charge field, and hence the plasma,
is dependent on the cell design and the anode placement.
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The time scale for the growth of the plasma to the walls
is slow relative to normal pulsing parameters, and for
typical cell designs is on the order of a few
milliseconds.

Under conditions of fast pulsing the

positive space-charge will be continuously maintained, so
that the plasma, and hence the electrons, are confined to
a specific region of space within the active volume of the
cell.

The space charge model allows for the location and

size of the plasma within the active volume to be
predicted for any cell design.

For example, shown in

Figure 25 is an illustration of the condition thought to
exist for an ECD of concentric coaxial design after an
elapsed time of 300 ys from the last pulse.

Within this

illustration two distinct regions of charge character are
seen to exist, the charge neutral plasma, which contains
all the electrons, and a positive ion sheath which
surrounds the plasma and is virtually void of electrons.
The experiment needed to verify this model can now be.
easily envisioned.

A response will only occur if the

electron capturing analyte comes in contact with the
plasma.

If the analyte is introduced in a spatially

discrete manner, then the active volume of the cell can be
systematically probed for the presence of the plasma by
observing the response intensity as a function of analyte
location.
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Figure 25. An illustration of the condition thought to exist
in the ECD after 300 ys.
Since the p^ior pulse,
all the electrons created by 8 ionization
throughout the source have migrated instantly to
the plasma-sheath interface, which grows with
time (Reference 23).
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A specialized ECD, shown in Figure 26, was designed
so that sample could be introduced in a spatially discrete
region of the active volume.

The sample containing

carrier gas is introduced into the active volume of the
ECD through the small movable metal capillary.

The

remaining portion of the cell volume is filled with a
buffer gas which enters upstream of the sample capillary.
To minimize the size of the sample plume exiting the metal
capillary, the linear velocities of the capillary effluent
and the buffer gas must be identical and their
corresponding flows laminar.

Under these conditions the

effect of mixing is minimized and the minimum size of the
sample plume will be controlled by diffusion.
The ECD and ancillary apparatus were maintained at
ambient temperature for experimental ease and to further
decrease the effects of diffusion.

The test analyte,

CCl 4 , was introduced into the metal capillary from a
stainless steel exponential diluter.

The volume flow

through the diluter was maintained at 0.2 mL/min.

Because

of the small volume flow the diluter was considered as
constant concentration source of CCl 4 .

with a volume flow

of 0.2 mL/min the linear velocity (volume flow divided by
cross sectional area) of the CCl 4 containing sample plume
exiting the 0.04 cm i.d. capillary is 2.6 cm/s.

To match

the linear velocity of the sample plume from the
capillary, the volume flow of the nitrogen buffer gas was

m akeup
gas in le t^ ,
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Figure 26. ECD cell design for spatially discrete sample introduction.
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adjusted to 125 inL/min.

While operating under the above

conditions the location of the metal capillary was
systematically varied and the resulting cell current was
monitored.

Unfortunately, the resulting cell current

versus capillary placement profiles failed to show any
discernable dependency between capillary placement and
observed response for all conditions of pulse period and
anode placement.
The observation that there is no dependence between
the observed response and capillary placement for all
conditions of pulsing frequency and anode placement may be
interpreted in two w a y s ;

I) the space-charge model is

invalid and the distribution of electrons within the cell
is uniform under all conditions,

or 2 ) the process of

diffusion is sufficiently fast that sample plume exiting
the capillary is not truly spatially discrete.

Although

the possibility exists that the space-charge model is
invalid, this seems unlikely in light of the considerable
evidence which supports this model

(20,21,23,25).

In

addressing the latter of these two possibilities, the
effect of diffusion on the size of the sample plume can be
estimated by considering diffusion as a random walk
process.

The size of the sample plume will then be given

as the root mean square of displacement,

A = (2 D t ) w h e r e

D is the diffusion coefficient of CCl 4 in Ng and t is
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elapsed time.

The diffusion coefficient for CCl 4 in Ng

can be estimated from the following expression

(41)

kT

(27)

2 iry

Snaf2

where n is the total number density of molecules in 1.0 mL
and y -is the reduced mass of CCl 4 and N2*

The average

collision diameter a ^2 is given as

V 2 Itl2

v Im I

a l2

=

4/2 tI1

+

(28)

4/2TTn2

where n is the viscosity of the gas and v the average
velocity is defined by Equation 29.
V

=

(SkTArm) %

(29)

The vicosities of CCI 4 and N 2 at 128°C are 133 and 219
micropoise respectively
pressure

(42).

At 128°C and Bozeman

(0.85 atm) the average collision diameter a 12 =

5.48 x 10 “8 c m . . The number density, n, determined using
the ideal gas law, is I . 56 x IO 19 molecules/mL and the
reduced mass,

y,

is 3.94 x 10 “23 g.

Substitution of the

above values into Equation 27 yields a diffusion
coefficient of CCl 4 in N 2 at 128°C of 0.125 cm 2/s.

The

temperature dependence of the diffusion coefficient is
given by (43)
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D

=

D r e f (T/Tref )1,75

(30)

where where Tref is the temperature at which the diffusion
coefficient is known.

At ambient temperature

(T = 3OO0O

the diffusion coefficient for CCl 4 in Ng is, D = 0.076
cm2/s.

The size of the sample plume can now be estimated

at any point within the cell.
Consider now the worst case possible where the size
of the sample plume will be the greatest.

This occurs at

a point corresponding to the far edge of the active
volume.

The time required for the plume to reach the far

edge is given by the foil length divided by the linear
velocity which equals

(1.40 cm/2.6 cm/s) = 0.54 s.

With

t = 0.54 s and the diffusion coefficient D = 0.076 citi^/s
the root mean square of displacement,

A = (2Dt)3s, equals

approximately 0.3 cm, or the sample plume occupies roughly
30% of the active volume.
Apparently, then, diffusion is predicted to degrade
the achievable resolution considerably.

However,

it would

appear some dependency on the observed response and
capillary placement should still be expected since only at
the far edge of the active volume does the plume grow to
30% of the active volume.

It may be that the discrete

nature of the sample plume is disturbed by an unevenness
in the flow pattern of the buffer gas and from eddy
currents which may result from the passage of the buffer
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gas around the metal capillary.

The buffer gas expands

into the detector from a small 0.05 cm diameter hole and
it seems quite possible that an even flow is not
established in the distance of 10 cm from the gas entrance
to the active volume.
In conclusion,

it appears that diffusion and probable

deficiencies in cell design precluded the ability to
introduce sample in a spatially discrete manner, as to
allow the location of the plasma to be probed.

Even

though the cell design did not allow the proposed
fundamental study to be investigated, cells of this design
may be superior in some ways to conventional BCD's.

If

the ECD shown in Figure 26 is modified slightly, so that
the buffer gas is added more diffusely, and the metal
capillary enters from the same end in a coaxial fashion so
that it can also serve as the anode, then sample which is
introduced will not come into contact with cell surfaces
within the active volume.

In this way, only clean carrier

gas contacts the radioactive foil, so the source should
always remain clean and free of contact potentials which
can arise from the formation of sample films on the foil.
Sensitivity should not be sacrificed because, with a
displaced coaxial anode, the result of this design,

the

plasma is located in the center of the cell so overlap
with the sample plume will be at a maximum.

In fact, with

capillary columns this cell design may be more sensitive
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than conventional cell designs where the column effluent
is thoroughly mixed, hence diluted, with the required
makeup gas.
Physical Parameters Affecting the Quantitative Response of
an ECD
Improvements in the quantitative response of the ECD
have been inspired largely by consideration of the
chemical factors associated with the primary reaction
between the electron and the analyte molecule.

That is,

certain simplifying assumptions concerning the physical
aspects of the ECD plasma are generally made and then
attention is focused on the details of the electron
capture reaction.

This approach has led to improved

analytical configurations in spite of its omission of
details concerning relatively complex physical-dynamic
aspects of the ECD plasma. . Nevertheless,

it seems quite

possible that these physical aspects of the ECD may have
measurable effects on calibration curves.
In this section an attempt is made to characterize
some of the physical factors which may affect the
quantitative response of a ®^Ni CCP-ECD.

Experimental

conditions are described under which ideal or linear
responses can be obtained.

Also reported are experimental

conditions under which non-linear responses are observed
which appear to be caused by physical rather than chemical
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effects.

Several possible causes of these anomalous

observations are then considered.

A moderately responding

compound, CFgClgf and a strongly responding compound,
CFCI 3 , were used as test analytes.

The electron capture

chemistry of these two molecules is well-known and,
therefore, would allow anomalous observations to be
attributed to physical rather than chemical effects.

Each

of these volatile compounds are introduced to an ECD from
an exponential dilution volume which produces an accurate
and continuous variation in analyte concentration through
the upper 99% of the response range of the detector.
The relative molar responses of a CCP-ECD to CF2Clg
over the upper 99% of the response range is shown in
Figure 27 where eight different selections of baseline
frequencies, f 0 , have been used.
the frequency responses
KHz to 100 KHz.

For all choices of f®

(Af) shown are from the range, I

The concentration of CF2Clg which causes

saturation at 100 KHz differs with the choice of f 0 and is
indicated for each case in Table I.

Figure 27 clearly

indicates that the most uniform molar responses to CF 2Cl 2
occur with use of the fastest baseline pulse frequencies.
For the four cases where f 0 is,2,000, 1,000, 500 or 400
Hz, the Af molar responses vary by less than 10% over the
entire range.

On the other hand, when the chosen f© is

slower than 400 Hz, significant variations are then
observed.

With baseline frequencies of 250 and 200 Hz; a
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Figure 27. Relative molar responses, Af/conc, for CF-Clversus concentration at different baseline
frequencies of pulsing.
Maximum response of the
instrument, f = 100 K H z , occurred at
concentration C 0 . The values of C 0 and the
maximum molar responses for each case are listed
in Table I.

HO
Table I.

Parameters associated with the relative molar
responses reported in Figures. 27 and 28

CF 2C ^

Figure 27

Maximum
Molar
Response
(Hz ppb-1 )

C
(ppb)

I
(namja)

A

1.3 x IO 4

8.0

1.5

B

1.1 x IO 4

9.3

1.9

C

8 oI x IO 3

1.4 x IO 1

2.7

D

6.1 x IO 3

1.7 x IO 1

3.4

E

2.9 x IO 3

3.0 x IO 1

5.7

F

1.9 x IO 3

5.1 x IO 1

7.0

G

8.2 x IO 2

1.3 x IO 2

8.6

H

3.3 x IO 2

3.0 x IO 2

9.4

Figure 28

C
(ppb)

CFClg

Maximum
Molar
Response
(Hz ppb- 1 )

I
(namp)

H
(Hz)

A

2.1 X IO 2

6.0 X IO 2

1.8

1960+500

B

1.8 X IO 2

6.6 X

CM
O
i—i

2.1

17 40+640

C

1.4 X IO 2

7.5 X IO 2

2.7

15004150

D

6.9 X IO 1

1.5 X

CO
O
H

5.1

2720+60

E

4.6 X IO 1

2.2 X IO 3

VO

CO

3140+100

F

1.8 X IO 1

5.5 X IO 3

8.2

3390+100

G

8.1

1.3 X IO 4

9.2

3540+200
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significant decrease in molar response is observed with
increasing sample concentration.

With fo equal to 150 or

120 Hzp the molar responses first increase measurably and
then decrease with increased concentration.

These results

clearly recommend the use of the faster baseline
frequencies for easy calibration of a CCP-ECD to CF 2C ^ .
In Figure 28 the corresponding results for the case
of CFCl 3 are shown.

For each experiment, however, two

forms of molar responses are now shown.
Af response
CF 2CI 2 .

One is the usual

(circles), as was used above for the case of

It is seen that for all choices of f 0 <- the Af

molar responses are extremely variant,

increasing in

magnitude throughout most of the dynamic range.

This

result is to be expected for CFCl3 , as has been previously
described.

Briefly,

the Af molar response to CFCI 3

increases with increased concentration because the rate of
electron capture by CFCI 3 is so fast that the process of
measurement also destroys a large fraction of the CFCl 3
population when the electron population is high (low
analyte concentration).

As the CFCl 3 concentration is

increased, a lower population of electrons destroys a
continuously smaller fraction of the CFCl 3 molecules.
Since the Af response is proportional to the instantaneous
concentration of analyte molecules in the cell, the
observed Af molar response to CFCI 3 increases as the
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f 0 = 2 0 0 0 Hz

f . = 1000 Hz

f o -- 5 0 0 Hz

£ = 4 0 0 Hz

f o = 2 0 0 Hz

f o = 150 Hz

RELATIVE CONCENTRATION

Figure 28. Relative molar responses, Af/conc (circles) and
A f (H+f)/cone (triangles), for CFCl versus
f
concentration at different^baseline
frequencies of pulsing.
Maximum response of the
instrument, f = 100 K H z , occurred at
concentration C 0 . The values of C 0 and the
maximum molar responses for each case are listed
in Table I.
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electron population is increased by greater analyte input
rate.
When the extended response function,

(f-fo ) (H+f)/f,
>

'

is used for the CFCI 3 data, the dependence of molar
response on the chemical effect just described can be
removed.

This response function incorporates the

alteration of instantaneous analyte concentration by the
electron capture reaction and will be proportional to the
analyte concentration which enters the detector.

The

molar responses in Figure 28, obtained with the extended
definition of response

(triangles), clearly provide a more

constant molar sensitivity to CFCI 3 over the entire
concentration ranges for all choices of baseline
frequency.

Again, however, only for the four fastest

baseline frequencies are the molar responses constant to
within ±10% over the entire response range.

With choices

of baseline frequencies less than 400 Hz, significant
variations in molar response are again observed.

While

the major cause of non-linearity of the CCP-ECD to CFClg
has been removed by use of the extended response function,
a residual and significant degree of non-linearity still
exists with the slower baseline frequencies.

It may be

significant to note that the trends observed for the
extended molar responses to CFCI 3 shown in Figure 28
closely resemble those of the normal molar responses to
CF 2CI 2 shown in Figure 27.

This observation suggests that
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the source of residual non-linearity observed with slow
pulsing may be due to a physical effect of the ECD which
is common to both calibrations, rather than a chemical
one, which might have been expected to be unique and
different for each compound. An inherent assumption in the development of the
response functions for the CCP-ECD has been that electron
losses by pathways other than electron capture have
reaction rates which are either insignificant or invariant
to changes in analyte concentration and pulsing frequency.
Non-ideal behavior in the form of non-linear calibration
curves might be taken to indicate that this above
assumption is not valid whenever slow baseline frequencies
are employed.

A potential probe for assessing the

dependency of non-analyte electron losses on pulsing
frequency is available in the measurement of standing
current,

I, as a function of applied pulse frequency in

the absence of sample.

This measurement is shown in

Figure 29, where the reciprocal of frequency, pulse period
T, is also shown as the abscissa.

The measured current

primarily reflects the rate of electron collection at the
central electrode by repeated electrostatic pulses.

The

attenuation of measured current by the arrival of positive
ions at the anode between pulses will be quite small- (5%)
for this cell of truncated cylindrical design (25) and
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Pulse F re q u e n c y ( Hz)

idealized N

-is y

-12 X

Pulse Period (ms)

Figure 29. Standing current, I (circles), measured at the
anode as a function of pulse period. Electron
Population in the cell at the instant of pulsing
N
(squares), was obtained from the product of
standing current and pulse period.
Predicted
electron population (solid line) determined from
Equation 5 and an assumed constant value of L 1 =
300 s"-*-. First-order electron loss rate constant
L 1 (triangles), evaluated from the standing
current measurements and Equation 5.
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will be ignored here.

Therefore, N^, the electron

population which exists in the cell at the end of each
period immediately prior to the pulse, is obtained from
the product of I and T and is shown in Figure 29 at all
i

i

values of T.

If the rate constant for non-analyte loss,

L', is constant for all pulse frequencies, the magnitude
of

as a function of pulse period, T, is expressible by

the previous Equation 5.

N?

=

(S/L)(I - e"L T )

(5)

where S is the ion pair production rate caused by the 63#i
beta radiation.

According to this expression,

rise rapidly with increasing T near T = O

should

and should

gradually level off and approach a constant equilibrium
value at long T, as shown by the solid line in Figure 29,
where values for S and L 1 of 6.2 x IO 10 and 300 s- 1 ,
respectively, have been used.
experimental values for

It is seen that the

conform reasonably well to the

early portion of this curve, for constant L 1, but
beginning at about T = 2.0 ms, the experimental points
begin to deviate markedly from the predicted curve so that
an equilibrium value of

is observed sooner and at a

lower magnitude than predicted by the solid curve.
original characterization of a 63Ni ECD by Simmonds
(17)

a similar discontinuity of

of T was reported.

Also, Wentworth

In the
al.

measured as a function
al.

(4) have shown
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that similar discontinuities are observed in the
measurement of the standing currents of ECDs having
tritium sources.

Also shown in Figure 29 is the value of

L' calculated by Equation 5 from the experimental values
of Ng at each T and by assuming that S remains constant.
The result is that at the faster frequencies, the value of
L 1 is reasonably constant at about L 1 = 300 s-* but
starting at a period of about T = 2.0 ms

(f = 500 Hz)

begins to increase with slower pulsing.

Again, between T

= 4.0 ms and 10 ms the value of L 1 has stabilized somewhat
at about L 1 = 500 s~l.

These measurements of standing

currents suggest: that the rate constant for non-analyte
loss is constant and independent of pulse frequency in
this cell as long as the frequencies allowed are 500 Hz or
greater.
The standing current measurements in Figure 29 and
the molar response data in Figures 27 and 28 clearly
display a common trend.

That is, the molar responses and

the measured value of L 1 are constant only if the use of
slower pulse frequencies are avoided.

When frequencies of

less than 500 Hz are used, variations in the molar
responses as well as variations in the directly measured
value of L 1 are observed..

As was mentioned above, and

will be described in more detail below, a variation in L 1
with pulse frequency is considered a probable cause of
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molar response variations.

Therefore, the coincidence of

breakdown in idealized behavior in the measurement of
molar responses and standing currents, whenever the slower
pulse frequencies are used, may indicate a common origin.
In the next section, the possible causes of the idealized
and anomalous behavior described above will be
systematically considered.
The theoretical justification for the conventional
and the extended responses of the CCP-ECD has been
previously presented.

The continued discussion here will

focus on physical rather than chemical details, and the
equations developed in the earlier treatment will provide
a convenient starting point for the factors to be
highlighted here.

In the previous treatment, a

differential equation

(Equation 4), described the rate of

change of electron population during the period between
pulses.

For the discussion here, this equation will be

written in the following manner:

<3Ne/dt

=

S - (KA nA + L 1JNe

(31)

where S is the ion-pair production rate of the ^ N i
source, kA is the electron capture rate constant for the
analyte molecule, nA is the instantaneous analyte
concentration, Ne is the instantaneous electron population
and the constant L' is the rate constant for all electron
losses other than by reaction with sample.

From this
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beginning,

the normal response function of the CCP mode

was derived to yield Equation 8

f-fo

'=

(I/K'SZ)kAnA

=

(8 )

GnA

where f is the instantaneous pulse frequency and f© is the
pulse frequency in the absence of analyte, and G is a
constant composed of fundamental and experimental factors.
For strongly responding compounds, where the instantaneous
concentration, nA , of analyte would be significantly
altered by the electron capture reaction, the extended
response function of the CCP-ECD was derived:

( f - f o ) (H

+ f )/f

=

GnA

(13)

where H is a second constant composed of fundamental and
experimental factors and nA is the concentration of
analyte in the carrier gas entering the detector.

This

response function was shown to provide linear responses to
C d 4 and CFClgr whereas the conventional response function
did not.
The successful development of Equations 8 and 13
required that the non-analyte electron loss constant, L 1,
in Equation 31 remain constant under all conditions.
other words,

In

if Equations 8 and 13 are to provide a basis

for linear responses by the CCP-ECD, the net rate,constant
for the sum of all electron loss processes, other than by
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reaction with analyte, must remain constant as analyte
enters the cell with increasing concentration

(thereby

causing both an increase in the negative ion concentration
within the cell and an increase in the frequency of
pulsing).

If these rather drastic alterations of

conditions cause a significant change in L', non-linear
responses using either the conventional or extended
definitions of response might be expected.
Attention is now turned to a detailed assessment of
all the possible non-analyte loss processes.

At first

inspection, the ECD might appear to be an impossibly
complex reactor in which many factors combine to
complicate its response in a manner which might defy
precise description.

In recent years, however,

significant advances in the understanding of the dynamics
of the pulsed ECD have been made, and, fortunately,
several of these lead to almost surprising simplicity.

It

is useful at this point to recall a few of these
simplifying factors.

The ion pair production rate within

the typical 63^1 ECD is reasonably constant throughout
its active volume

(24,44).

residual unevenness by 6 3 ^
can be calculated (24).

The precise nature of any
for any given cell geometry

There will be a strong tendency

for the maintenance of charge balance within the pulsed
ECD.

In fact, for an ECD which has no external fields

applied, charge balance between positive ions, electrons
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and negative ions will be strictly maintained (20).

With

the typical pulsed cell, all electrons are removed to the
anode, thereby creating the negative component of the
measured ECD current.

On the other hand, positive ions

are not measurably affected by the pulsed fields,
themselves, even when relatively fast pulsing is used
(25).

However,

in an effort to maintain charge balance

(which is grossly perturbed following the removal of all
electrons), the excess positive ions are transported to
and neutralized on the various cell surfaces by the slower
process of space-charge driven migration through the
electric field which their excess has created

(23).

Two

convenient consequences of this dynamic system have direct
bearing on the discussion here.

The first is that all of

the cell's electrons, which are being continuously
produced by ®^Ni radiation, will be contained within the
positive ion space-charge field for a period of time
following each pulse until charge balance is achieved.
Furthermore, if a relatively fast pulse frequency is used,
a positive ion space-charge field will be continuously
maintained and all electrons will be held within the
plasma by this field.
processes

Therefore, certain electron loss

(such as diffusion to.the walls) will not be

possible when relatively fast pulsing is used.

With

slower frequencies, sufficient time is allowed between
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successive pulses so that the electron population
increases to the point where the positive space-charge is
neutralized.

From that point of time in the period

between pulses, other electron loss processes
diffusion to walls) become possible.

(such as

Another important

and simplifying consequence of the space-charge view of
the 63^1 ECD is that the steady-state positive ion
concentration will be expected to be reasonably constant
throughout the entire pulsed ECD volume.

This is because

throughout this pulsed cell, positive ions are being
destroyed either by recombination with electrons and
negative ions or by space-charge driven migration to the
cell boundaries, and all of these processes have
approximately the same rate coefficients at atmospheric
pressure

(23).

Since the positive ions are also being

formed at a relatively constant rate in all regions of
space by 63Ni radiation, the steady-state concentration of
positive ions should be relatively uniform throughout the
active volume of the pulsed cell.

Previous measurements

by APIMS have strongly supported this view of positive ion
behavior in a pulsed ECD (23).
Within this review of the pulsed ECD, the following
general expression might be written for L' which includes
contributions from reaction with carrier gas impurities,
recombination with positive ions, diffusion.to cell
boundaries, and ventilation by carrier gas flow:
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L'

=

kB nB + Rn+ + m(Da/A 2 + F/V)

(32)

where kB is the second-order rate constant for reaction
with carrier gas impurities, hB is the concentration of
electron capturing impurities, R is the second-order rate
constant for the recombination of electrons with positive
ions, n+ is the concentration of positive ions, D a is the
ambipolar diffusion coefficient of the electron

(20,45), A

is the cell size parameter determined by the dimensions of
the cell

(46), V is the cell volume, F is the flow rate of

gas through the cell, and m is a value between zero and
one which is equal to the fraction of the time between
pulses during which the electron population has grown
sufficiently great as to have neutralized the excess
positive charge created by the prior pulse.

With fast to

moderate frequencies of pulsing, the value of m is zero
since the electrons will never reach a population
sufficient to neutralize the excess positive ion charge.
Therefore, the last two contributions to Equation 32,
diffusion to walls and ventilation, are not allowed with
fast pulsing and only reactions with either impurities or
positive ions can then contribute to L'.

As the rate of

pulsing is decreased a frequency will eventually be
reached where the value of m will begin to assume a non
zero value.

From this frequency to lower frequencies, the

contributions to L 1 from diffusion and ventilation might
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become continuously more probable.

After viewing the

experimental data shown in Figures 27-29, it is tempting
to conclude that something such as described by Equation
32 is operative, where the value of L ' suddenly changes

(m

suddenly becomes non-zero) at some- particular frequency of
pulsing.

However, while the general form of this equation

seems consistent with the experiments, it can be shown
that diffusion and ventilation should not contribute
significantly to the total magnitude of L', even with very
slow pulsing.

{in a theoretical consideration of a

completely field-free ^ N i

source, Siegel and McKeown

(20 ) have previously concluded that the contributions of
ventilation and diffusion to electron loss were of
negligible magnitude,

relative to that of recombination.)

Since this point is crucial to an assessment of the
experimental results, the expected magnitude of each term
in Equation 32 for this experimental system will be
considered in detail.

First, electron loss by reaction

with column bleed is given by the product, Icgnge

if the

carrier gas is free of impurities, this term will equal
zero.

If impurities are present, their concentration will

be constant over the period of time between pulses and,
therefore, will not cause a variation in L e.

(Since the

chromatographic system appeared to be essentially free of
impurities, as can be determined by measurements of DC and
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pulsed mode standing currents

(25), it was concluded that

the contribution of impurities to L' was small and
probably negligible in our experiments.}

For the

predicted contribution from recombination, values for R
(20) and n+ of about 3 x 10“® s-* and I x 10** mL-1 ,
respectively, provide reasonable approximations.

(The

value for n+ is obtained from the measured standing
current of 3.3 nA at a pulse period of 5 ms.

At this

frequency, a charge-neutral plasma is probably achieved
during the latter portion of the period and the electron
current measurement at this frequency indirectly provides
a measure of the positive ion population.)

These

estimates provide a predicted Rn+ product of 300 s--*-.
Taking values for A, D a , and V of 0.25 cm (46), 0.25 cm2s
(45) and 2 mL, respectively, the diffusion contribution,
DaZA 2 is predicted to be only about 4.0 s”i, or 1.3% as
large as the recombination contribution.

The last term

due to ventilation, F/V, becomes equal to 0.5 s“l with a
flow rate of 1.0 mL/s and, therefore, seems even less
likely to contribute significantly to L 1.
To summarize the above consideration of the
individual terms in Equation 32, the recombination term
Rn+ is by far the predominant electron loss term.

At this

point, it might be tempting to conclude that the nonidealized behavior observed in Figures 27-29, whenever
slow pulsing frequencies were used,

is due to changes in
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the positive ion density, n+.

The change in L 1, deduced

from the current measurements in Figure 29, would then be
interpreted as resulting from a change in n+, alone.
Thus, with a change in pulse period from 2.0 ms to 4.0 ms,
this interpretation would suggest that the positive ion
density increases about 60%.

This interpretation,

however, is not supported by previous mass spectrometry
measurements of positive ion density within a pulsed ECD
(23) by APIMS, where it was shown that positive ion
density does not vary measurably with changes in frequency
from 1000 to 150 Hz.

The only dependence of positive ion

density on frequency observed in that study was a small
one (less than 25%) and this change occured between 2.0
and 5.0 KHz.

These APIMS measurements provide strong

evidence that the change in L 1 shown in Figure 6 between
the frequencies of 250 Hz and 500 Hz is probably not due
to a change in positive ion density.

Therefore, it may be

appropriate to consider an additional possibility which
has not yet been discussed here and has not been
previously described in the published literature as a
source of error in analysis by the CCP-ECD.
The additional factor to be considered is the effect
of contact potentials which have been previously
recognized, primarily for their effects on the operation
of the DC-ECD

(3).

With the original discovery of the
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pulsed mode

(3), it was hoped that the effects of contact

potentials might be eliminated.

However,

it seems likely

that with slow pulse frequencies, they may not be.

So far

in this discussion the assumption has been made that the
surfaces of the cell are perfect conductors on which ions
and electrons are instantly neutralized upon arrival.

It

has been assumed that the electrical potentials at all
t

I

surfaces are determined solely by the externally connected
circuit and are, therefore, at ground potential during the
period between pulses.

Within Dr. Grimsrud1s lab, which

has had several years experience with commercial and
homemade 63^1 BCD's and with several ^ N i APIMS sources,
it has been noted that contact potentials can be
established, even on new and thoroughly cleaned cells, and
that these can have significant affects on current and ion
intensity measurements.

For example, several homemade and

commercial BCD's have exhibited significantly high
standing currents without the application of any external
fields, pulsed or DC.

The most spectacular example of

this is a 9mCi 63^1 cell of conventional pin-cup design
which displays a current of about +2 nA with no fields
applied.

This one is an exceptional case, however, as

most cells exhibit a pulse-free current of a few tenths of
a nanoampere.

Apparently identical cells have been

observed to exhibit field-free currents of opposite
:

polarities.

This effect can not be attributed to the
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arrival at. the anode of long-range beta particles since
this effect would be much smaller in magnitude and would
always be of negative polarity.

While the magnitude of

the field-free current of a given cell has been
unpredictable,
of the cell.

it can be affected by the immediate history
For example,

if a DC field is applied for

one hour to a cell which exhibits a field-free current and
is suddenly removed, a new field-free current is then
observed which slowly drifts back to its previous
equilibrium value.

The time required for this drift can

be minutes or hours.

As indicated above, these anomalous

observations may be due to the effects of contact
potentials which can exist on surfaces which are not
conducting perfectly.

That is, if a film of

semiconducting material separates the metallic conducting
surface from the ions and electrons which are arriving at
the cell boundary, the ions and electrons may not be
instantaneously neutralized by contact with this surface.
Therefore, a surface can acquire small but significant
steady-state charges which depend on the arrival and
neutralization rates of charged particles on it.

These

potentials could conceivably increase the rates of
electron and ion losses in the adjacent gas by causing an
additional means for their migration through weak contact
potential fields, provided these fields are the dominating
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ones for some portion of the period.

With reasonably fast

pulsing, little or no effect of the contact potentials on
standing currents and responses is observed with cells
which exhibit a field-free current of only a few tens of a
nanoampere.

Only with slower pulsing are these

unpredictable effects of the contact potentials observed.
Presumably, with more rapid pulsing, the electric field,
then continuously provided by the positive ion space
charge, holds electrons within the ionized gas and away
from surfaces and the smaller contact potentials.

With

slow pulsing, the effects of the contact potentials
increasingly influence the measured current because the
positive ion excess is then matched by the electron
population during the latter portion of pulse periods.
During this time, the contact potentials can provide the
most significant electric fields in existence and can then
influence the motion of electrons and ioris.
While it seems that events such as just described,
are occuring under certain conditions of an BCD, a precise
understanding and quantitative description of the effects
of contact potentials does not yet seem possible.

The

most significant characterization of it is that its effect
on standing currents and responses to sample is in
accordance with the form of Equation 32, where a factor,
m, provides a weighting factor for its importance and
assumes a value of zero with reasonably fast pulsing.

The

130
cell used for the measurements presented here, had a
field-free current equal to +0.1 to +0.2 nA (positive
■

. ■

current at the central electrode).

While the magnitude of
!

'

'

this current is small, it does not necessarily mean that
contact potentials are weaker in this cell than in one
with a larger field-free current.

A small magnitude of

current may reflect a fortuitous cancellation of net
charge at the central electrode while contact potentials
actually do exist at points along the cell boundaries and
are, in fact, causing increased migration of electrons and
ions in the plasma.

While the point has clearly not been

resolved, the effects of contact potentials appear to be a
plausible cause of the variations in molar responses in
Figures 4 and 5 and the variation in L 1 shown in Figure
29, whenever slow frequencies are used.
The experimental results provided previously clearly
support the use of baseline frequencies which are at least
moderately fast if the most linear response to a compound
over the entire dynamic range of a CCP-ECD is desired.
The sacrifice inherent in choosing a moderately fast
baseline frequency
slow one

(for example, 1,000 Hz) instead of a

(such as 120 Hz), is that the total dynamic range

of response is reduced.

However, at the low concentration

end of the response range, the detection limit to CF 2CI 2
was observed to be about the same for all frequencies.
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The dynamic response range is reduced with a choice of a
faster baseline frequency, because the instrumental
saturation point is then reached with a lower
concentration of analyte.

Considering that the linear

response range with f° = I KHz is approximately four
orders of magnitude,

the loss of approximately one

additional order of response range at the high
concentration end would seem to be worth trading for
linearity of response throughout the dynamic range.
, The possible causes of the non-idealized behavior of
a pulsed ECD when low pulse frequencies are used have been
considered.

It is concluded that this behavior can not be

attributed to complications associated with electron loss
by simple diffusion to walls, by ventilation, or by
reaction with carrier gas impurities.

The possibility

that changes in positive ion density cause non-idealized
behavior can not be ruled out.

However, the observation

that idealized behavior occurs with the use of frequencies
of 500 Hz and greater suggests that positive ion
concentration remains relatively constant over this range.
In addition, previous APIMS measurements indicate that
positive ion density also remains constant with slower
pulse frequencies.

These considerations argue against the

assignment of positive ion variation as the cause of nonidealized behavior.

The remaining explanation for the

anomalous results reported here with slow pulsing is that

I
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uncontrolled contact potentials exist on the surfaces of
an BCD, and these significantly affect the dynamics of the
ECD plasma if the positive ion space-charge is allowed to
be neutralized by use of long periods between pulses.
Within this view, the effects of contact potentials are
hot observed with sufficiently fast pulsing because a
positive ion space-charge field is the dominant electric
field present during the time between pulses and this
force does not allow electrons to reside in regions near
the cell boundaries.

Therefore, the only non-analyte loss

processes possible with faster pulsing are recombination
with positive ions and reaction with carrier gas
impurities.

These non-analyte loss processes appear to be

well-behaved, at least within this frequency range, and
allow an idealized view of the physical aspects of the
pulsed ECD to be assumed.

f
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SUMMARY
A complete circuit diagram has been reported for
operating an ECD in the constant current mode.

The

circuit diagram reported utilizes readily available and
inexpensive components which allows for facile
construction.

Detectors controlled by the electronic

package constructed by this author were found to exhibit
sensitivity and dynamic range comparable to that of
commercial CCP-ECD equipped GC's.

For example. Figures

10, 11, 20, 27, 28 and along with Figure 3 in reference 26
show the detector performance associated with this circuit
design.

In addition to providing sensitivity and dynamic

range comparable to that of commercial instrumentation,
this design offers the analyst greater flexibility in
detector operation in that pulse width and baseline
frequency selection are freely variable.

The importance

of selecting the proper baseline frequency of pulsing has
been dramatically shown in Figures 27 and 28.
Within this study, the theoretical basis for the non
linear responses of the strongly responding compounds to
the CCP-ECD was given.

It was shown that these non-linear

responses arose because for these compounds the electron
capture process,

itself, alters the concentration of
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analyte within the detector.

To eliminate this problem,

an extended definition of response was proposed.

It was

demonstrated using the strongly responding compounds CFCI 3
and CCl^ as test analytes, that if the response were
defined as Af(H+f)/f,

instead of A f , linear calibration

curves were obtained over the entire dynamic range of the
instrument.
The use of the extended response function, however,
requires that the compound dependent term, H, be evaluated
first.

The value of H can be determined from as few as

two measurements, a high and low concentration sample
chromatogram.

However, once H has been determined for a

given detector temperature,

its value should be valid for

subsequent analyses, even if different chromatographic
conditions exist.

This is because H is only dependent on

the reference current,

I, the flow rate, F , and the

second-order electron capture rate constant, k/v a11 of
which are either constant or easily incorporated into the
value of H.
The extended response function should significantly
ease the task of quantitating the response of the CCP-ECD
for any strongly responding compound which exhibits a oneto-one electron to sample stoichiometry.

This new

response function should be particularly valuable to
laboratories which routinely analyze strongly responding
compounds.

Once the value of H has been determined for
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the compounds of interest, usable calibration curves can
be constructed from as little as one data point.

Not only

will linear calibration curves be obtained with this
response function, but peak areas, as well as peak
heights, can be used as a measure of sample concentration.
Peak areas obtained using the conventional Af response are
meaningless, because the the molar response is not
constant over the concentration variation occurring during
a single chromatographic peak.
A mechanism was proposed which explains the observed
ECD response to the strongly responding halogenated
methane methyl iodide.

At low detector temperatures

(75°C) the observed ECD response for methyl iodide was
shown to be the result of two electron capture reactions:
the normal EC reaction of methyl iodide plus the EC
reaction of its recombination product HI.

The electron

capture rate constants for both of these reactions appear
to be large and equal.

This explained the large constant

molar responses observed for this compound.

This type of

behavior is not observed for the other halogenated
methanes which contain only chlorine or bromine, because
the EC reaction of the recombination products HCl anti HBr
is thermodynamically unfavorable.
A practical application of this work would be to find
functional groups which provide both increased sensitivity
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and ease of quantitation over the entire dynamic range.
The iodide functionality appears to be of this favorable
type.

However, the superior characteristics for methyl

iodide were only observed at detector temperatures too low
for general organic analysis.

It seems possible that

other functional groups will be discovered which react in
accordance with the methyl iodide mechanism at higher
detector temperatures.
A unique ECD cell was constructed for the purpose of
spatially mapping the location of the cell plasma as a
function of pulsing frequency and anode placement.

The

experimental evidence obtained with this detector failed
to show any dependency between capillary placement
(position of sample introduction) and measured response.
Arguments were presented which indicated that gaseous
diffusion and mixing deteriorated the resolution of the
sample plume introduced into the active volume.

This lack

of resolution precluded the ability to probe the active
volume of the cell for the location of the plasma.
The non-analyte electron loss processes,
with carrier gas impurities,

reaction

recombination with positive

ions, diffusion to the walls, ventilation by carrier gas
flow and migration through small fields generated by
contact potentials, were examined as a function of base
frequency of pulsing, with respect to their effect on the
quantitative response of the CCP-ECD.

It was shown that
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providing the base frequency of pulsing was moderate to
fast, non-analyte electron processes within the CCP-ECD
were in harmony with the expectations of simple theory,
and constant molar responses to well-behaved analytes were
observed over the entire dynamic range of the instrument.
However, under conditions of slow base frequencies of
pulsing, the molar responses observed were no longer
independent of sample concentration.

Both calibration

curves and standing current measurements showed deviations
from simple idealized theory when pulsing frequencies
slower than 400 Hz were employed.

Arguments were

presented which indicated that electron losses by reaction
with carrier gas impurities, by diffusion to the walls and
by ventilation with carrier gas flow were insignificant
and not responsible for the observed deviation from
idealized behavior.

The remaining electron losses,

migration through small fields, generated by contact
potentials and recombination with *positive ions

(change in

electron loss as a result of the change in positive ion
concentration) were discussed as possible causes of the
non-idealized behavior observed with slow base frequencies
of pulsing.
The results of this study clearly indicate the use of
moderate to fast base frequencies of pulsing.

The

sacrifice inherent in this is that the total dynamic range
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of response is reduced.

This loss in dynamic range is at

the high concentration end, as similar detection limits
were observed for all baseline frequencies of pulsing.
The loss of the response range at high concentrations
seems worth trading for linearity throughout the entire
dynamic range.
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